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CENTRAL STATION POWER IN COAL MINES 


BY W. A. THOMAS 


The increased activity of central station operators in develop- 
ing markets for power makes this subject of considerable interest 
to electrical engineers in general and particularly to the engineers 
of this immediate locality. 

The casual observer is doubtless inclined to believe at first 
thought that, with cheap fuel—particularly of the lower and 
less salable grades—available at a coal mine, it could not be made 
an attractive field for the sale of central station power, partic- 
ularly where the central stations are located in cities where real 
estate and taxes are comparatively high. The error in such 
judgment lies in the fact that the coal bin and ash pile are not 
principal factors in the power problem, but are secondary, even 
with transportation added to the fuel, to the items of interest 
and depreciation on investment and load factor on the system. 

The writer has not had opportunity to make a close study of 
load and diversity factors and their relation to power costs, but 
herein undoubtedly lies the key to the situation as affecting the 
interest of the central station man and the possible purchaser 
of central station power for coal mine operation. It is well, 
therefore, to inquire into the problems of the mining man and how 
the central station can be of use in their solution. 

The principal elements are cost of production, reliability of 
operation and decreased investment. The primary operations 
involved in the production of coal are undercutting, transport- 
ing and hoisting. The secondary operations, as far as power re- 
quirements are concerned, are ventilation, drainage or pumping, 
operation of tipple and other outside machinery, and a small 
amount of lighting. Sometimes, however, the question of hoist- 
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ing is eliminated where drift entries occur, and on the other hand 
the pumping sometimes becomes one of the primary operations. 

It is not the intention of this paper to discuss the relative 
advantages of electric drive over and above other methods of 
operation, although as regards cutting, it is interesting to note 
that the electric coal cutter is estimated as reducing the cost of pro- 
duction of coal from 10 to 12 cents perton. This operation is 
one offering a very good load for power as it is fairly continuous 
throughout the day hours up to 3 or 4 o’clock in the afternoon, 
and very often forms a fairly desirable night load from 6 o’clock 
until midnight. It is probable that a more universal electrifica- 
tion of mines will show considerable increase in the use of power 
for this purpose, as a great many mines which have animal haul- 
age at the present time are using hand methods for undercutting 
the coal. Statistics show that in one state alone, from 1905 to 
1909, there was over 200 per cent increase in the number of 
electric cutting machines in service, as against something like 
30 per cent increase in the number of air cutting machines. 

In connection with cutting operations, there are installations 
where compressed air is in use and will doubtless be perpetuated 
owing to local conditions or the cost of the installation. It is 
very probable that in installations of this kind low central station 
rates for the supply of power will show economy in driving the 
air compressors with electric motors. This is the practise of the 
Berwind-White Coal Mining Company, which generates its own 
power in a central station. 

As regards the haulage problem, it is too well known that 
electricity is superior to any other form of haulage for a discussion 
of its merits in a paper of this kind. It is recognized that in 
certain mines the danger of gas explosions is too great to intro- 
duce an electric locomotive using trolley for collecting the current. 
In this case, probably the safest form of mechanical haulage is 
the compressed air locomotive and the compressor drive again 
forms a possible market for electric power and makes an ex- 
tremely desirable load. 

The combined problems of cutting and hauling form the nu- 
cleus around which an electric installation can be made, and while 
it is proposed to discuss the question of installation costs a little 
later, it should be noted that these two problems are usually 
considered at one time in determining upon such improvements. 
A number of factors enter into the question of such improvements 
and where the older mines are not equipped with mechanical 


1912] THOMAS: POWER IN COAL MINES 3 


haulage, it is necessary in most cases to relay the track with 
heavier rails to stand the weight of the locomotive, which must 
necessarily be heavier than the cars in order to offer sufficient 
drawbar pull to permit of bunching cars into trains and cut down 
the labor attendant upon the old system. 

The original installation for animal haulage in the older mines 
is usually of narrow gage to permit of easier handling of the 
cars, and the rails are usually light in weight, as the single 
loaded cars were the heaviest burden which the tracks had to 
bear. In most cases these older mines cannot be improved by 
widening the gage, owing to the haulage roads being ‘‘ gobbed ”’ 
up along the sides with waste rock and slate, a certain amount 
of which is always present in normal mining operations. 

After a mine has assumed commercial proportions with any 
considerable development away from the entry or shaft, itis 
seldom difficult to demonstrate the possible savings in the use of 
electric haulage. In fact, it becomes imperative that some form 
of mechanical haulage be employed, as the capacity of a gangway 
is limited with animal haulage. In the state of Pennsylvania, 
unquestionably 75 per cent of the coal is so handled, although 
in some states it is as low as 45 per cent. These figures have ref- 
erence to main haulage only and in many cases horses or mules 
are used to collect the cars to sidings where electric, steam or 
compressed air locomotives haul them to the point of delivery. 
There is a large field for gathering locomotives to supplant the 
animals for this purpose and considerable progress is being made 
in this direction. 

The question of pumping or drainage is oftentimes of great 
importance, as this load is steady and often heavy. The use of 
electricity for this operation in all kinds of mines is most advan- 
tageous and in nearly all cases, pumping by electricity is much 
more economical, more flexible and more reliable than steam or 
compressed air. The use of hot steam pipes in a timbered shaft 
or gangway is objectionable on account of the rapidity with which 
it hastens the decay of the timbers. 

In shaft mines the most serious problem in the application 
of electricity is that of hoisting. There seems to be more or less 
prejudice among coal mining men in this country against 
the electric hoist, whereas in Europe the principal mines are 
usually so equipped. Probably one of the most logical reasons 
for this is a lack of knowledge of their operation, and back of that 
is the fact that the coal in most American mines is so low in its 


4 THOMAS: POWER IN COAL MINES [Jan. 9 


commercial value that it is hard to justify the capitalization of 
the electric hoist where it involves the building of a plant to sup- 
ply power for the hoist, since the combined cost is necessarily more 
than that of the boiler plant and steam hoist. 

With central station energy available, however, we have a 
different set of conditions and it is my belief that its introduction 
will open up the hoisting proposition very rapidly. In the past, 
one of the chief difficulties has been the necessity of converting to 
direct current for hoisting purposes, but this is no longer true, 
since the more complete development of the alternating-current 
hoist motor with the necessary control. The use of straight al- 
ternating-current hoist motors up to 500 h.p. capacity is now an 
accomplished fact. 

One important feature of the hoisting problem is the extremely . 
wide variation in the power demand and the influence of the 
extreme hoisting peaks upon the transmission line, or the entire 
station if it be a relatively small one. With large stations, how- 
ever, the influence is relatively less and the use of motors up to 
500 h.p. capacity does not prove so objectionable, although 
sometimes it is found practical to equalize the load if the condi- 
tions are such that peak loads are penalized. Various systems 
have been devised to overcome this fluctuation, among which 
are the storage battery in the case of the direct-current hoist 
and the use of the reversing a-c.-d-c. motor-generator set and 
storage battery in the case of the alternating-current hoist. 
Investment and maintenance charges are very heavy in both of 
these systems. 

Another system used in connection with the use of alternating- 
current hoist consists of a synchronous converter floating on 
the line and connected across the direct-current end of the con- 
verter is a shunt-wound motor, on which is mounted a flywheel 
which acts in the capacity of a mechanical storage battery, op- 
erating normally on weakened field and at maximum speed. 
When the demand from the hoist and other loads combined ex- 
ceeds a predetermined value, a line relay operates to strengthen 
the flywheel motor field, bringing its counter e.m.f. up suffi- 
ciently to feed back through the converter to supply the excess 
demand for power. After the passing of the peak, the line relay 
acts to weaken the motor field and restore energy to the flywheel. 
This system is an improvement over the use of storage batteries, 
particularly as to maintenance and efficiency. All of these 
systems still involve the use of rheostatic control in one of its 
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various forms and the maintenance and repairs of heavy con- 
tacts on large hoists. 

Probably the most promising equipment, and the one now 
being most universally installed, is known as the flywheel equal- 
izer system. A complete equipment of this kind consists of a 
direct-current shunt-wound motor driving the hoist and a motor- 
generator set, the direct-current generator being connected to 
the hoist motor and the alternating-current motor to the supply 
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system. Coupled or connected to the motor-generator set is 
a flywheel, the function of which is to give out energy when the 
load on the generator exceeds the average value, and to absorb 
energy when the load falls below the average. 
The hoist motor is separately excited, the excitation not being 
varied during the operation. The direct-current generator is 


also separately excited, the armature voltage being controlled 


by the field strength from full value in one direction down 
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through zero to full value in the opposite direction. To reverse 
the hoist motor, the field of the generator is reversed, the speed 
of the hoist motor being practically in proportion to the direct- 
current generator voltage and being controlled by varying the 
field strength of the generator, with which any speed desired 
may be obtained. If, when the motor is running, the field of the 
generator is weakened so that its voltage falls below the counter 
e.m.f. of the motor, the latter will act as a generator and return 
energy to the motor-generator set which, if below full speed, 
stores energy in the flywheel. This is used instead of a mechan- . 
ical brake to stop the hoist. It is also used in lowering the men 
and materials into the mine by pumping back through the motor- 
generator set to the line, if the energy so derived is sufficient 
to drive the set slightly above synchronous speed. 

In order to equalize the input to the equipment, means are 
provided for automatically varying the speed of the set. In this 
connection, a direct-current motor is sometimes used for driving 
the set and the speed is then varied by regulating the motor field. 
In a majority of cases, however, the alternating-current motor is 
used and the speed is varied by regulating the resistance of the 
alternating-current motor rotor circuit, wound rotor type of 
motors being used for this purpose. 

The regulator is arranged so as to introduce resistance into 
the circuit when the demand reaches the predetermined value 
and to keep on adding it as long as the demand stays above this 
value until the flywheel set is slowed down to the practical limit 
at which it will pay to use this stored energy, and in reverse 
manner the regulator automatically cuts out the resistance when 
the load drops and brings the flywheel set back up to normal 
speed, restoring energy to the flywheel. 

In order to provide for the excitation of the generator and hoist 
motor, an exciter is usually coupled to the motor-generator set. 
As the speed of the set is continually varying, a voltage regulator 
is provided for keeping the voltage of the exciter constant. 

For controlling the speed of the motor-generator set, an auto- 
matic regulator is used and, as offered by at least one manufac- 
turer, is of the liquid type. This type of regulator has a number 
of advantages over the arrangement using magnetic switches 
for cutting the resistance in and out of the rotor circuit, the 
principal one being greater simplicity and better regulation. 
One of the most notable installations of this type of hoist is now 


being installed by the Cleveland Cliffs Iron Company in its 
Michigan iron mines. 
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DIRECT-COUPLED ORE HOIST AND GEARED MAN AND MATERIAL Hoist 
Cleveland-Cliffs Iron Company, Negaunee, Mich. 
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FLYWHEEL MorTror-GENERATOR SET FOR HOISTING INSTALLATION 
Cleveland-Cliffs Iron Company, Negaunee, Mich. 
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This equipment covers two hoists, one of 500 h.p. for hoisting 
ore, and one of 200 h.p. for hoisting men and lowering materials. 
The operation of the regulator on this installation is very simple, 


the three phases of the rotor winding being connected to three 


stationary plates in separate earthenware pots. Above these 
plates are the movable electrodes which are connected together. 
The movement of these electrodes is controlled by an induction 
motor, this motor being supplied with current through series 
transformers in the line feeding the motor-generator set. The 
current flowing in the motor is proportional to that in the main 
line and the torque of the regulator motor varies as the square of 
this current. The electrodes of the regulator are attached to an 
arm coupled to the motor shaft and are counterweighted on the 
other end of this arm beyond the motor shaft. Under normal 
conditions the counterweight does not quite balance the weight 
of the electrodes. At the full load current in the main line, the 
torque of the regulator motor, which tends to separate the elec- 
trodes, will be sufficient to bring the whole of the moving parts 
to a state of equilibrium. Any increase in the current in the 
main line will cause the torque on the regulator motor to increase 
rapidly and the electrodes will be separated, thereby introducing 
resistance into the rotor circuit, thus reducing the speed tendency 
of the motor-generator set, with the result that the flywheel gives 
up a portion of its stored energy. If the current in the main 
line then drops below the value for which the regulator is set, 
the electrodes will then come closer together and the speed of 
the set will be increased and energy restored to the flywheel. 
The regulator in this way tends to maintain the input to the 
equipment at a constant value. 

The electrodes are made of iron and the tank is filled with a 
solution of carbonate of soda (common washing soda). In the 
lower portion of the tank, cooling coils can be provided, through 
which water can be circulated and excessive evaporation of the 
solution is thereby obviated. The value for which the regulator 
is set can readily be changed by altering the amount of counter- 
weight, the addition of more weight reducing the current at 
which the regulator will operate, as the torque required from the 
motor will be correspondingly less. 

The field controller for the direct-current generator is so ar- 
ranged that the field circuit is never open and in this point in 
particular the control is ideal. When the controller is in the 
“« off ” position, the field is connected across the armature ter- 
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minals in such a way as to oppose the residual magnetism and 
any potential generated due to residual magnetism causes current 
to flow in the field winding, which will tend to build up the field 
-in the opposite direction, thereby killing the residual field. The 
advantage of this arrangement is that when the hoist is at rest 
there will be no current flowing. Altogether this system prom- 
ises much for the solution of the hoisting problem and the equal- 
ization of a very intermittent load, so as to make it commercially 
desirable for central station power supply. 

Additional installations of this type of hoisting equipment 
in this country are the Hecla Mining Company at Burke, Idaho; 
the Calumet & Arizona Mining Company in Arizona; the Winona 
Copper Company in Michigan, and some six or seven similar 
installations in Mexico, notably those in the mines of the El Oro 
Mining & Railway Co. 

It is recognized that this development is most advantageous 
where fuel costs are high, and consequently the principal in- 

. stallations up to this time have been made in metal mines. This 
solution of the heavy hoisting problem is nevertheless one of 
promise and worthy of careful study as applied to coal mining. 

In the complete electrification of existing mines having boilers 
and steam hoists, a suggestion is now being investigated as to 
the practicability of making such modifications in the steam. 
hoist as are necessary to operate it with compressed air, using 
one of the boilers as a receiver, and if practical, a re-heater as 
well, and installing an electrically driven air compressor of such 
capacity as to work practically all of the time when steady hoist- 
ing occurs, the boiler being used to store air while the hoist is 
out of service, and to supply the excess demand over and above 
the capacity of the compressor when hoisting. No definite con- 
clusions have been reached as regards either the economy or 
practicability of this suggestion but it offers a possible simple 
solution of the perplexing question of what to do with a steam 
hoist which is sometimes not readily convertible to electric drive. 

The ventilation problem is in no way difficult, although we have 
met with a great deal of prejudice against the use of motors for 
this purpose as well, but convincing trials have brought mining 
men to a general use of motors for this application. The Pitts- 
burgh Coal Company is quoted as having established records 
for continuity of service of electrically driven fans, better than 
that obtained with steam engines. The load for this purpose is 
an attractive application from a power standpoint, as the fan 
is usually required both day and night. 
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The other secondary operations are considerably varied but 
comparatively simple in point of application, and combine to 
make the mine load very attractive to the central station which 
is so situated as to be able to serve this field. These problems 
are greatly simplified if the installation is a new one, in which 
there is no necessity of considering the adaptation of electric 
drive to existing machinery, and in which we do not have to con- 
sider converting an old power house into a substation. The 
principal market for power, however, for present consideration, 
is the electrification of the existing mines, the new installations 
being only incidental to the general situation. 

The power consumption in the electrical operation of coal 
mines varies widely with different local conditions and cannot 
be accurately predetermined from general data, but requires care- 
ful local study, as a wet mine which is not self-draining will re- 
quire considerable power for pumping purposes, whereas a self- 
draining mine with water level haulage will be relatively light 
in its power consumption for both transportation and drainage. 
The load they get is fairly uniform. In cases of a slope or shaft 
hoist, additional power is required as against the drift entry. 

A number of tests have been made which show as low as 1.22 
kw-hr., and as high as 34 kw-hr. per ton of coal mined with 
varying conditions. In some cases the service was mixed, using 
both steam and electricity. In others, rope haulage with steam 
engines was used. One or two specific cases are illustrated as con- 
crete applications, with the corresponding results. As a general 
proposition, it is estimated that the power requirements will 
vary in plants operated entirely by electricity from 13 to 33 
kw-hr., depending upon the above-mentioned varying conditions, 
and in the same mine, the requirements will vary with unusual 
characteristics where a considerable amount of pumping is in- 
volved. 

MINE NO. 3 


Slope-capacity—35,000 tons per month. 
Output—15,000 “ < = 


One 10-h.p. fan Four 25-h.p. cutting machines. 
Two 20-h.p. fans One 30-h.p. cutting machine. 
One 20-h.p. pump One 7}-h.p. hoist 

One 24-h.p. pump One 5-h.p. air compressor 
Three 10-h.p. pumps One 5-h.p. shop motor. 


Two 80-h.p. locomotives 
Two 30-h.p. locomotives 
- Total—107}# h.p. continuous rating 
: 250 h.p. intermittent rating 
Maximum demand =230 h.p. 
1.22 kw-hr. per ton of coal 
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COMBINED MINING AND COKING PLANT NO. 6 
75 Ovens-capacity 5000 tons per month 


One 100-kw. motor-generator set 
One 100-h.p. alternating-current fan motor 
One 15-h.p. direct-current pump motor 
One 25-h.p. direct-current coke conveyor and loader 
One _ 5-h.p. direct-current leveler rake 
One 25-h.p. direct-current leveler ram 
One 40-h.p. direct-current coke pusher 
Two 35-h.p. direct-current locomotive motors 
One 25-h.p. direct-current larry 
Seven months operation 34,000 tons of coke, 110,000 kw-hr. or 3.2 kw-hr. per ton 
of coke. 


When we consider the vast tonnage of coal in the many local- 
ities, we begin to appreciate the possibilities of a power market 
for its production. Among the most prominent installations of 
the character described are those on the lines of the West Penn 
Railways Company in the Connellsville, Pa., district, with 
which many of the local engineers are familiar. The district served 
in this case involves some of the worst conditions to be met in the 
way of drainage and hoisting. I feel safe in expressing the opin- 
ion, however, that the installations have proved both profitable 
to the power company and economical to the mining companies. 

Considerable activity is evidenced at the present time in other 
fields, notably the installation now being made in West Virginia 
by the Appalachian Power Company, which is developing a 
hydroelectric plant to furnish power in the Pocahontas coal fields. 
The Pennsylvania Central Power Company, of Altoona, has re- 
cently authorized the construction of something like 75 miles 
(120 km.) of transmission line to cover the Cambria County field. 

One extremely advantageous factor in considering this propo- 
sition is the fact that with central station energy available, the 
investment for the small mine is greatly reduced. An isolated 
plant costing from $12,000 to $15,000 will in many cases be re- 
quired where a $5,000 substation will do the work. In some cases 
it has been found advantageous for the central station to put 
in the substation machinery and operate it on a rental basis, or 
sell power converted to low voltage or direct current at the bus- 
bars. This is the extreme proposition where the mining com- 
panies are not sufficiently capitalized to make the improvements 
and is comparable with the practise of renting simple fixtures 
to merchants for their lightning contracts, which has also proved 
advantageous in many cases. 


The distribution of the mine load is such as to prove most 
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desirable, as the principal load comes on at, or slightly before, 
7 o’clock in the morning and as a rule falls off to a low value 
between 3 and 4 o’clock in the afternoon, at which time the 
lighting load picks up during the winter months. It is true that 
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Fic. 2.—Day Loap on 800-AMPERE MINE PLANT 


in some cases a comparatively small load comes on again at 
6 o’clock and carries through the peak lighting period, but is not 
of such proportion as to seriously influence the station capacity. 

The accompanying charts show the general character of the 
load and while wide fluctuations occur, they will in the main 
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balance up fairly well where a considerable number of installa- 
tions are centralized on one plant. 

The question of power contracts calls forth considerable dis- 
cussion and it is beginning to be recognized that in handling the 
average mine operator, the same methods cannot always be em- 
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ployed as in handling the industrial plant or the local user of a 
comparatively small amount of power. The mine operator 
figures entirely on results and the mine superintendent has ever 
in mind the cost per ton of producing coal. A serious mistake 
has been made in one or two cases in putting forth too prom- 
inently to the mine operator the value of the central station’s 
readiness to serve. A careful analysis and line of reasoning will 
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doubtless bring the mine operator and central station man to- 
gether, provided the mine operator realizes that he himself is 
put to a considerable constant expense if his own plant is shut 
down, and is not producing energy. Of this feature, however, he 
often loses sight, owing to the fact that he has taken care of the 
cost of the plant by an appropriation, and the interest and depreci- 
ation are not charged up against the cost of coal. 


aca anes 
FOR NIGHT RUN 1 GENERATOR USED 
CAPACITY OF GENERATOR 546 AMP, 
MOMENTARY PEAK = 270 AMP.== 49,5 % OF CONTINUOUS CAP, 
5 MINUTE ” 150 9 27.5% ” ” on 
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Fic. 5.—EvENING LoAp ON 600-AMPERE MINE PLANT 


In talking about the readiness. to serve, due consideration 
should be given to this point and the operator will realize that 
a certain amount of income is due the central station for the in- 
vestment necessary to supply power at his demand. On the 
other hand, the central station solicitor or contract agent should 
figure carefully the approximate cost that the mine operator 
must sustain in shutting down his own plant, and it can fairly 
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easily be shown that the minimum charge involved, be it in the 
form of minimum power consumption or a fixed rate per kilo- 
watt per year, does not much more than offset the real expense 
represented in the customer’s plant when it is standing idle. 

A careful analysis of several typical small mining plants shows 
‘the average working days per month to be from 15 to 20. It 
shows the average load factor during an eight-hour day to be 
slightly over 50 per cent, based on a ratio of average consumption 
to maximum peak of five minutes duration, and does not take 
into account the actual capacity of the generators or the mo- 
mentary swing of the ammeter as indicated in one of the accom- 
panying charts. 

Careful tests on four typical plants in Ohio show the following: 


Average cost of power ....... 2.485 cents per kw-hr. 
Cost for substation equipment, 

NESS GAN RTS. | 6iath. dd meen edons 0.124 RR RENE 
Common cost for either source. . 0.7 eae arp 
Central station rate to balance 

against present cost ...... 1.661 Ea eee 
Average power consumption... 47,700 kw-hr. 

Average kw-hr. per ton coal... 2.49 


As previously inferred, with reference to the discussion of fixed 
charges or minimum demand, the continuity of power service and 
its use must be considered. It is evident, therefore, that some form 
of contract must be considered which will protect the central 
station against the investment of building the lines and installing 
sufficient machinery to take care of the maximum demands, if 
the conditions become abnormal as regards shutting down for 
a considerable length of time. As regards the relative merits 
of a fixed charge per kilowatt per year as against a fixed rate per 
kilowatt-hour with a minimum charge, there are points in favor 
of both methods. Considering a fixed charge corresponding to 
the substation capacity, an analysis shows that the approximate 
cost per horse power installed in the case of the isolated station 
where it is necessary to keep a fireman at the boiler plant, who 
can also run the engines where electrical power is used for pump- 
ing and other purposes, is approximately $1 per month, based 
on the total horse power installed in the isolated plant. In es- 
tablishing a corresponding rate to protect the central station 
against shut-down, it therefore seems logical to place this at 
approximately $1.25 per month per kilowatt of substation ca- 
pacity. This is sometimes reckoned on the total continuous kilo- 
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watt capacity of the station, but perhaps a more equitable ar- 
rangement as compared with the central station demand is that 
of taking a maximum five-minute peak or some other form of 
record which will show a maximum demand of the substation. 

In conjunction with this fixed rate of $1.25 per month per 
kilowatt installed, a relatively lower price per kilowatt-hour 
is established to protect against the maximum consumption when 
power is used steadily. This rate, of course, must necessarily 
vary with local conditions, cases having been known as low as 
3 cent per kw-hr. in conjunction with the fixed charge of $1.25 
per kilowatt installed. 

In the case of the four Ohio plants, the average capacity was 
250 kilowatts per station. The average cost per month, say at 
1.5 cents per kw-hr., would be $715.50. To arrive at the same 
result with a fixed charge of $1.25 per kilowatt per month, we 
would have a fixed cost of $312.50 and a power rate of 0.846 cent 
per kw-hr. 

In studying the accompanying curves, it should be noted that 
several of these installations served by one power house do not 
represent nearly so high a kilowatt capacity installed in the 
central station for this service as proves to be the case with the 
isolated plant, as, for instance, it is shown that the maximum 
demand in one or two of the cases does not reach the total station 
capacity installed. As a rough estimate we figure that the cen- 
tral station capacity for the mine service will not exceed 45 per 
cent of the total aggregate maximum peaks represented in the 
various substations served. 

A further careful analysis of the character of this load and the 
fact that a considerable amount of profitable load can be picked 
up in the small towns adjacent to the mining operations, makes 
this a particularly attractive field for the supply of central station 
power, even on the basis of reduced cost of operation to the.mine 
manager. 

In the matter of reliability of service, the up-to-date central 
station has shown results which the isolated station cannot often 
meet in the way of continuity of service. A secondary considera- 
tion which interests the mine operator is the reduction in the 
number of men required with central station service. We feel 
safe in predicting that the next five years will see a large per- 
centage of our coal mines operated from public service central 
station power. 


A paper presented at the 267th meeting of the 
American Institute of Electrical Engineers, New 
York, January 12, 1912. 


Copyright 1912, By A.I. E. E. 


SOME NOTES ON ISOLATED PLANTS 


BY PERCIVAL R. MOSES 


It is perhaps necessary to offer some excuse for presenting to 
the American Institute of Electrical Engineers some notes on 
isolated plant design and operation. The general impression 
is that designing an isolated plant is hardly to be dignified by the 
term ‘‘ engineering ’’. The central station looms so large and 
the cost of the large central plant so greatly surpasses the largest 
isolated plant, in the general opinion, as to place questions of 
design of such stations in a different class from the questions 
entering into the design of an isolated plant. 

Few realize that in reality the design of an isolated plant in- 
volves the consideration of as many factors as the design of a 
central station, and while it is true that there are no isolated 
plants as large as the plants of the New York public service 
corporations and similar companies, yet these plants are fre- 
quently of many thousand horse power. In the aggregate the 
isolated plants of a large city far exceed the total horse power 
of the public utility companies. An engineering directory of the 
isolated plants in the City of New York (Manhattan) lists a total 
of 1700 isolated plants. The aggregate boiler horse power of the 
isolated plants, according to this directory, amounted to over 
929,000 h.p., and the aggregate engine h.p. to 669,855. The 
boiler horse power of the largest central station in New York 
is listed by the Public Service Commission at 109,000, so 
the listed boiler horse power in private plants containing en- 
gines is over eight times the horse power of the largest central 
station. 

If the list given in the engineering directory is substantially 
correct, we have nearly a million horse power of boilers in 
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operation in the isolated plants in the City of New York (Bor- 
ough of Manhattan) alone. My estimate is based on the amount 
and cost of fuel used in about 50 buildings in New York City, 
and the engineering pay roll in these buildings. I find that the 
cost of fuel burned in these buildings varies from $10.00 to 
$22.00 per boiler h.p. installed. The lower cost is for low-grade 
fuel in a plant operated on a ten-hour basis, and the highest 
cost for No. 1 buckwheat coal in an apartment hotel plant of 
large size, operated twenty-four hoursa day. The pay roll varies 
from $9.00 to $16.00 per boiler h.p. installed. A conservative 
estimate of the fuel and labor used in the isolated plants in the 
Borough of Manhattan would be $28.50 per boiler h.p., and on 
the basis of the list in the engineering directory this would indi- 
cate a total expenditure for fuel and labor of over $28,000,000 
per year, compared with a total of about $5,000,000 paid for fuel 
and all the salaries and wages of the largest central station 
company. 

In 14 states of the Eastern Middle and Central groups there 
were 5,923,302 horse power of boilers and 5,544,888 h.p. of en- 
gines listed in isolated plants whereas the census reports for the 
whole U. S. give 3,712,000 h.p. as the total central station 
engine horse power. 

In view of the magnitude of these figures, I believe that I am 
justified in referring to the isolated plant problem as an “ engi- 
neering ’’ problem and one worth most careful study and con- 
sideration. 


PRESENT CONDITIONS OF ISOLATED PLANT DESIGN AND 
OPERATION 


The design of an isolated plant is seldom given the benefit of a 
sufficient study of the facts. There has not been the wide inter- 
change of data from small isolated plants; operating engineers 
are usually too busy or too fearful to publish their results. 
They regard central stations as an enemy ready to shut down 
their plants, regardless of whether the rate obtained will pay a 
profit or not. Whether they are justified in this attitude or not - 
is immaterial. The result has been to make it difficult to obtain 
actual data on the performance of private plants, except in the 
large mills and similar industrial establishments. Private plants 
located in buildings adjoining each other use fuel of different 
grades, one costing perhaps $5 a ton and the other $3. A recent 
investigation of department stores revealed the fact that some 
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of these stores are burning low-grade fuel costing less than $2 
per ton, others are burning No. 2 buckwheat at a cost of $3.25 
per ton, and still others are burning pea coal costing $4.10; and 
_ one store is burning egg coal, costing in the neighborhood of $6 
per ton. It has been equally difficult to get accurate records of 
loads. Few plants keep regular logs; there are many trust- 
worthy exceptions; and the lack, until recently, of accurate and 
simple means of measuring the feed water supply to the boiler 
and the steam delivered, made it practically impossible to obtain 
continuous records of boiler performance. These conditions 
were recognized many years ago by the author, and in the plants 
with which he has had to do, he has endeavored to have regular 
-logs kept, from which reliable data could be obtained on which 
to base design of subsequent similar plants. A number of load 
curves from typical buildings derived from such data sheets— 
log sheets—will be presented a little later, with the hope 
they may be of use to others designing plants for similar 
buildings. 

Isolated plants vary from a simple plant, consisting of a boiler 
and an engine, or simpler still, of an oil engine or waterwheel, 
to the complex equipment of a modern hotel, department store, 
sugar mill or chocolate factory, containing boilers, gas pro- 
ducers, engines, dynamos, switchboard, motors, refrigerating 
machinery, heating, evaporating and concentrating apparatus, 
pumps, elevators, ventilating fans, etc. Perhaps the most per- 
fect example of an isolated plant is the modern transatlantic 
1000-foot liner with boiler horse power equaling the horse power 
of the largest central station, but with the additional complica- 
tion of moving the ship and its parts. 

The isolated plant, properly speaking, is a central plant for the 
supply of all the heat, light and power requirements of a building, 
while the usual central station is a central station for the supply 
of an isolated product. 

In discussing isolated plant design it is impossible to confine 
the investigation to the electric plant alone. It is important to 
realize fully that the manufacture of electricity is only a small 
part of the work of the isolated plant. It is one of the processes 
going on in a building, just the same as refrigeration, heating and 
the moving of the passengers. The parts are interlinked and 
interdependent, and with the increase in size and complexity of 
the modern building and the consolidation of adjoining buildings, 
this interdependency and interaction becomes more and more 
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important. To emphasize this point, a few of the ways in which 
the design of each part affects the other, may be noted: 

The heating design affects the structural engineering, power 
plant design, character of the electric lighting used, type of 
pumps, type of ventilating apparatus. 


DIAGRAM OF PRACTICE 


, ELECTRICITY PURCHASED or MANUFACTURED 


High efficiency boilers 
Simplicity of arrangement 
‘Minimum piping. 
Provision for burning efficiently low cost fuels. 


Systematic operation: recording and comparison of 
results. 


‘Metering of all fuel and water supplied to boilers and 
for other purposes, and steam supplied to machinery. 
Electricity, etc. 


‘Leak indicators to be provided where internal leaks are 
probable. 


DIAGRAM OF PRACTICE 


ELECTRICITY PURCHASED 


‘Heating and veitilating fans 
should be steam driven. 


recirculating advisible in indirect 
heating. 


Compression refrigeration or combina- 
tion of compression and absorption. 


Electric elevators. 


Steam driven faus for indirect heating 
system. 


Individual motor drive. 
‘High efficiency lighting. 
‘Simplicity of installation essential. 
‘High efficiency variable pressure heating system. 


One pump for each service should be steam and one 
electric. 


Gas irons. 


DIAGRAM OF PRACTICE 


Steam Requixep For Heatinc, Evaporation, AND Dryinc 
Muca LESS ruan Steam OBTAINABLE FROM AN ELECTRIC 
Prant OPERATING with ProBaBLe Loap. 


ELECTRICITY MANUFACTURED 


Electric irons. 


DIAGRAM OF PRACTICE. 


Steam Requrrep For Heatinc, EvAporaTIOoN, AND Dryinc 
mucn MORE tuan wourp BE SupPLieD BY THE ELEcTRIC 
PLant. 

ELECTRICITY MANUFACTURED 


Electric plant: moderate efficiency: re- 
liability of prime importance. | 


Steam pumps. 
‘Steam operated ventilating fans. 
High efficiency vacuum heating system. 

‘Low efficiency and low renewal cost lighting. 
‘Compression refrigerating plant in winter, absorption 

im summer. 
Troup drive for power transmission. 

Plunger elevators may be used. 


DIAGRAMS SHOWING THE EFFEcT OF DIFFERENT Basic CONDITIONS ON 
ISOLATED PLANT DESIGN 


The electric supply affects the power plant design, the heating 
system design, the electric lighting design, the refrigeration 
plant, pumping apparatus, manufacturing equipment. 
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The refrigerating plant affects the design of the water supply, 
design of the power plant, both as to size and type of apparatus, 
pumping plant and ventilating equipment. 

The type and design of elevator machinery affects the struc- 
tural design, and the design of engines, dynamos and storage 
battery. Although these are not strictly germane to the discus- 
sion of the isolated plant, it may be noted that the sprinkler 
equipment and the plumbing lay-out are also affected by all the 
items above mentioned. 

The diagrammatic representations shown herewith indicate 
the effects of different basic conditions on plant design. 

A fair example of the interdependence and interaction of the 
modern plant is a new building on Fifth Avenue. It is dis- 
tinctly a typical office and loft building and contains offices 
on the upper floors, lofts for show, and sales rooms on the middle 
stories; and the first four floors are occupied by the owners as a 
retail store for ladies’ wear. The building (173 by 90 ft., 
52.7 by 27.4 m.) is 11 stories high and contains basement and a 
partial sub-basement for the plant. 

The various factors that enter in the design of this isolated 
plant are the following: 


(1) Heat must be supplied to keep the building warm and also to warm 
the air supplied for ventilation. 

(2) Basement, first floor and sub-basement have to be very completely 
ventilated, and as no radiators are permitted on the first floor, 
the ventilation and heating for this floor are combined. It is 
particularly important that the air supplied shall be clean and free 
from dust. 

(3) The building must be equipped with sprinklers, and a complete sys- 
tem of fire protection provided. 

(4) Water must be pumped and supplied to all toilet rooms, offices, to a 
number of other locations, as well as to fire standpipes and sprinkler 
equipment. 

(5) Passengers must be carried to and from the various offices and lofts, 
and a special service of a different class must be furnished for the 
store’s customers. 

(6) A-fur storage room, 50 by 60 ft. (15 by 18 m.) and 18 ft. (4 m.) high, 
must be kept at from 20 to 26 deg. fahr. by the circulation of dry 
refrigerated air. Filtered and refrigerated drinking water is to 
-be provided at a number of points on each floor. 

(7) Electricity must be supplied for lighting large spaces and for localized 

| illumination. Electricity must also be furnished to a number of fan 
and sewing-machine motors, pressing irons and cutters, as well as 
to the large motors operating the pumps and elevators. 
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(8) Compressed air must be supplied for elevator door operation, and the 
air must be exhausted for operating cash system carriers and for 
vacuum cleaning. 


(9) The space below general sewer level must be drained and the drainage 
discharged into the sewers. 


The above nine important functions are to be performed in this 
modern building. How do they affect each other? 

A calculation of the losses through walls, windows and ex- 
hausted air shows that the heating of the building does not re- 
quire as much steam as the required electric plant will give. 
This indicates, if any electric plant is installed, the necessity 
of using efficient engines for driving the dynamos; also the use of 
high-efficiency tungsten lighting when not otherwise objection- 
able, and the use of electric pumps because of their greater 
efficiency. 

The excess of exhaust steam available also points to the use of 
a vacuum heating system to keep the back pressure on the elec- 
tric plant to a minimum. 

The effect of the heating design on the ventilating equipment 
is self-evident, but it is perhaps well to note that the excess of 
exhaust available points to electric drive for the ventilating fans. 

The source of electric supply largely determines the character of 
the heating system. -If the supply of electricity is to be obtained 
from a central station, a back pressure on the steam heating 
system would not be objectionable, in fact a steam heating 
pressure variable at willis advisable; electric pumps and electric- 
driven ventilating fans are not advisable during the heating 
season, but high-efficiency lighting becomes even more nec- 
essary than before. The refrigerating plant should be steam- 
driven and probably of the compression type in order to give 
exhaust steam, while if electricity is made on the premises, 
the exhaust steam available points to an exhaust-steam- 
operated absorption refrigerating plant. ' 

Motors will be planned largely for group drive with a plant and 
for individual drive with purchased electricity. 

The refrigeration design has a most important effect on the 
design of the water supply, as on the size and type of the re- 
frigerating plant will depend the arrangement of water piping, 
the amount of storage capacity, the method of automatic pump 
governing and quite possibly the system of water supply risers 
throughout the building and the-decision as to whether it will 
prove advisable or not to install a well. 
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The refrigerating design will affect the power plant piping 
design because of the use in the retort or generator of steam at a 
higher back-pressure than that carried on the main parts of 
the plant. 

The design of the ventilating equipment will be affected even 
if cooling of the rooms is not directly planned, because the water 
used on the refrigerating plant will probably be partly used for 
air cleansing and cooling in the ventilating plant. 

This interdependence of parts could be followed out through 
all the list, but sufficient has been given to show its extent. 


EFFECT OF INTERDEPENDENCE ON GENERAL DESIGN 


The close reaction of one factor on another points to two main 
features frequently neglected in design: 

1. Compactness. 

2. Simplicity. 

If possible, I would place all of the machinery, except the 
boilers, in one room. 

The cross connections between the component parts of the 
plant make it very advisable that they should be close together, 
both because of the initial cost and because of the decreased 
cost of upkeep due to less lengths of pipe, fewer joints, reduced 
condensation, etc. 

- As the whole equipment is interacting, it should be under 
the direct observation of the engineer, and all parts should be 
clearly in view and not placed off in separate little spaces where 
leaks and bad performance will not be noticed. Separate 
pump rooms have been advocated, because pumps always leak. 

The unavoidable complexity of the modern heating, lighting, 
refrigerating, vacuum pumping and elevator equipment makes 
the utmost simplicity in design necessary. 

I do not mean to neglect safeguards, but the excessive duplica- 
tion of piping and valving to prevent some possible mishap 
often results in the trouble it is designed to prevent, as the 
valves and the mains begin to leak through cross expansion 
strains and neither line can be shut off. Complication of engine 
valves, cylinders and receivers with a view to decreased steam 
consumption often wastes more in labor cost than is saved in 
steam consumption. The possibilities of steam turbine applica- 
tions to isolated plants, notwithstanding a lower steam effi- 
ciency, lie wholly in their simplicity of operation. 

Compactness and simplicity are of the greatest importance, 
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and one might add reliability. I do not minimize the impor- 
tance of steam or electrical efficiency. 

In this discussion I am treating more of the design of the 
whole plant than of any one part. To obtain over-all efficiency 
of operation the problem must be considered as a whole. An 
efficient and high-grade heating equipment with equally efficient 
and high-grade electrical refrigerating and elevator plants may 
be put together and form a most inefficient isolated plant; and 
vice versa, a poorly planned extravagant electrical system may 
not affect the over-all efficiency perceptibly if the heating and 
refrigerating plants absorb all the waste energy. 

As an example of the first proposition, I will cite an office 
building in New York in which every part was of the very highest 
standard — high-efficiency elevators, steam appliances in a 
restaurant of the best type, a corliss valve steam-driven re- 
frigerating and ice-making plant, a most complete and efficient 
electrically driven ventilating system, a most modern water- 
tube high-pressure boiler and a nearly perfect system of electric 
installation, but the cost of heat, light, ventilation, power and 
elevator operation was over double the cost in a similar build- 
ing, with apparatus much less costly and refined. 

The reasons were clear: a high-pressure steam plant with 
night and day force was required for the refrigerating plant 
and kitchen steam, so that the operation of an electric plant 
would have added little to the labor cost, but electricity was 
purchased, and as this purchased electricity was used to drive 
the fans of the ventilation system, two things resulted. The 
electric bill was increased and the steam for heating the air 
required for ventilation had to be obtained from the boilers. 
If the fans had been steam-driven and the exhaust from the 
steam engines been used to heat the air, the electric bill would 
have been reduced by several thousand dollars and the cost 
of steam would have been no greater during the heating season 
when the fans are mainly used. 

The water from the refrigerating plant was originally wasted, 
because the plumber had nothing to do with the refrigerating 
plant and laid out a perfect system of plumbing, regardless of 
the other parts. 

The elevators were electric and were operated by purchased 
electricity, and live steam direct from the boilers was used for 
heating, whereas it might just as well have operated engine and 
dynamos first and then made power for the elevators. 


1912] MOSES: ISOLATED PLANTS 23 


This installation has since been changed by the addition of a 
private electric generating plant. The use of electric-driven 
ventilating fans and pumps is now entirely correct, because the 
electric plant gives sufficient exhaust steam for all the heating. 
The water from the refrigerating plant is saved as far as possible, 
and it is the intention to install an air washer, through which 
the excess condenser water will be recirculated, cooling the air 
and the water at the same time by evaporation. It is of interest 
to note, in passing, that a gross saving of over $1,000 a month 
has been obtained since the plant installation. This includes 
the profit from the sale of steam and electricity to an adjoining 
building. Regarding the converse proposition that a combina- 
tion of inefficient apparatus may result in efficiency, it is evident 
that if the demand for low-temperature steam (250 deg. or less) 
exceeds the supply available from the private generating plant, 
even if the electric system is a 240-volt two-wire lighting plant 
or some similar electricity waster, this loss of efficiency will not 
affect the over-all economy of the plant materially. Such 
conditions exist in sugar mills, dye houses, salt blocks, chocolate 
factories, harness-blacking factories and the greater number of 
those chemical factories that depend upon evaporation for their 
product. In city buildings, other than factories, this condition 
also frequently exists during a part of the year, but seldom during 
the whole period. 


FUEL USED FOR HEATING AND OTHER PURPOSES 


I would like to give figures of pounds of steam used to heat 
buildings of different types and sizes, but my facts come in 
dollars and tons; and it is hoped that the discussion will bring 
out other data. 

I have not attempted to derive any formula from these figures. 
The facts and conditions are given, and while each case will differ 
from those given, the figures presented should allow an intelligent 
engineer or owner to estimate closely the probable cost of supply- 
ing steam to a building of one of the types given. I use the 
figures myself and find my estimates prove closely correct. 


COST OF FUEL AND LABOR FOR HEATING IN TYPICAL BUILDINGS WITHOUT 
PRIVATE ELECTRIC PLANTS 
APARTMENT HOUSES 
No. 1.—100 by 100 ft. (30 by 30 m.) 7 stories and basement—21 apartments—one 
elevator. 
Steam for heating and hot water and pump. Fuel used, No. 1 


buckwheat at $3.25 per ton.......0.2- sense eee neens Fuel $1150 to $1250 
Labor $1200 to $1320 
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No. 2.—200 by 100 ft. (61 by 30 m.) irregular—8 stories and basement—72 apartments— 
two elevators. 
Steam for heating and hot water, laundry dryers and pumping. Fuel 
used costs $2:05 per: tons.co.o0 .cwidls ne viol este pide aid elie haat Fuel $2350 
Labor $2276 
No. 3.—200 by 92 ft. (61 by 28 m.)—11 stories and basement—block front—77 apart- 
ments—elevators. 
Steam for heating and hot water. Coal for heating. Coal for hot water 
amounted to 300 tonsina year. Stovesfordryers. Fuel used, pea 


COBL S £2 fara ag oo oceibcd wresd OS SUe wh eee loire Paks’ ceva) site voitalealle tel Ste aaa aeene: en Fuel $4317 - 


Labor $2800 
No. 4.—(Corner)—100 by 100 ft. (30 by 30 m.)—12 stories. 
Steam for heating, hot water dryers, refrigerating plant and pump. 
Used 1050“tons, No. 1 buckwheati cu: > crse> oiiaeiete + «icine cieleleiaers Fuel $3700 
Labor $2465 


I have no figures from hotels without private electric plants 
larger than 50 by 100 ft. (15 by 30 m.), 12 stories. Almost all 
such hotels in New York have their own plants. Those that 
have not .do not give out their figures. 


HOTELS 
No. 5.—Apartment hotel. 50 by 100 ft. (15 by 30 m.) 10 stories...... Fuel $2700 
Labor $1920 
No. 6.—High class apartment hotel. 50 by 100 ft. (15 by 30 m.) and annex 25 by 100 ft. 
(7.6 by 30 m.).—4 stories. 
Heating, hot water and refrigeration. Absorption system. Low pres- 
SUTE, SEAM. yo. 5,01c/4's-ves-tem she ereoeuaaets breyten eee ee ene Fuel $2503 
Labor $1920 
OFFICE BUILDINGS 
No. 7.—100 by 100 ft. (30 by 30 m.)—12 stories—corner building. 
Corner ‘heating-and ‘someshot. watet.seae se nett one e Fuel $1700 
. Labor $2500 
No. 8.—Corner—offices—11 stories—86 by 150 ft. (26 by 30 m.). 
Heating, steam for kitchen and refrigerating plant. Steam for hot water 
(250h-p. andetp)ixcuees Fras a> = aR taka Bea ere rete ee Fuel $3564.65 


Labor $3746.25 
No. 9.—50 and 30 by 197 ft. (15 and 9 by 60 m.). 
12: stories—protected. on “westsiewensincauls tot vice aa sR eee ae Fuel $1047.50 


Labor $2020.00 


$3067 . 50 
No. 10.—Offices. 


Steam for heating. Plunger elevators. Pumping and hot water....Fuel $4383.35 
Labor $5798.52 


$10,181.87 

No. 11.—Offices 45 by 85 ft. (13.7 by 25.9 m.)—16 stories—corner—three electric elevators. 
Fuel $1,180 

Labor $ 810 


$1,990 
No, 12.—Loft building—50 by 100 ft. (15 by 30 m.)—12 stories, middle of block, protected. 
Fuel $800 
Labor $420 
No. 13.—100 by 100 ft. (30 by 30 m.)—Salesrooms—12 stories. (Corner). 


Fuel $1,580.00 


Labor $5,798.00. 


No. 14.—128 by 90 ft. (39 by 27 m.) and 173 by 90 ft. (52.7 by 27 m.)—Mail order house— 
11 stories and basement. 


Steam for heating hot water. 4 plunger elevator pumps and house 


PED Ge eis ortin a ose cs 5 in: 0:0 j07ey0]a.4, 6 lars, o ayes eietese: oot ofa CTR CRITE en Fuel $4,621 
Labor $4,100 


1912} MOSES: ISOLATED PLANTS 25 


No. 15.—75 by 185 ft. (22.8 by 56.3 m.)—12 stories and basement—middle of block but 


ExMUSSGEADOVEmLOMER SOOTS) «6 rinaicite meinen alec Gale an, dulg ote Fuel $1,280 
Labor $713 

No. 15 (a).—16 stories—123 by 143 ft. (37.4 by 43.5 m.) (Corner)..... Fuel $2700 
Labor $ 960 


; DEPARTMENT STORES 
No. 16.—207 by 100 ft. (63 by 30 m.) and 25 by 104 ft. (7.6 by 31.7 m.) and 90 by 75 ft. 
(27 by 22.8 m.). 
Steam for heating, refrigerating and pumps and hot water. Hydraulic 
Slevators. O00 cwelttm maiden. oe ele canine danke « 2lenas acne Chie Fuel $6,583 
Labor $6,084 
No. 17.—92 by 122 ft. (28 by 39 m.) and 253 by 184 ft. (77 by 56 m.)—7 and 10 stories. 
yard (anthracite) acreeningsvand sort coal. tet. avcliaine bisa Gale ba ceeele Fuel $5,967 
Labor, $5,000 
No. 18.—23,000 sq. ft. (2,137 sq. m.)—seven stories—six passenger and three freight 
elevators (plunger type) No. 1 buckwheat anthracite............... Fuel $4,000 
Labor - $5,000 
No. 19.—200 by 200 ft. (61 by 61 m.)—6 story and basement. 
WisemN owes, buckwhea be cOnlspia estes seattle Ake time stone ous we niet Fuel $5,231 
Labor $4,056 
No. 20.—Factory and loft building—two buildings about 12,000 sq. ft. (1,579 sq. m.) per 
Hoon —Grstories ands basemen tare nctire socks. Mees ole ainiorela inves wae Fuel $1,100 
Labor $936 

Labor Costs. The figures given opposite labor for each building 
are within 10 per cent of the actual pay roll. 

Some owners engage cheap engineers and firemen and take 
a chance—others, more careful of their own property and their 
tenants’ lives, have good engineers. 

Several disastrous fires could not possibly have gotten the 
headway they did, nor could such loss of life have occurred, if 
an intelligent and highly organized power. plant engineering 
force had been on the premises. 

Electric Loads. The electric load curves, showing the variation 
in use of electricity in a number of differing buildings, offer 
a fair basis for estimating probable requirements under similar 
conditions. 

There is a general tendency to overestimate the maximum 
electric demand, due in great measure to the possibility of all 
the lights being in use at one time or of all the elevators start- 
ing at once. ; 

Practically speaking, such conditions are not possible, and 
experience enables us to determine in advance within 10 per cent 
or 15 per cent what the maximum load will be for a stated size 
and type of building. 

It is for this purpose that the load curves are particularly 
useful. Such load curves also aid in determining the probable 
kilowatt-hour use per month or per year, but I find the most 
convenient method is to compare buildings of similar size and 
character. For this reason I give data on the quantities used 


in buildings of various types and sizes. 
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No. 
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KILOWATT-HOUR CONSUMPTION OF ELECTRICITY IN BUILDINGS 


Lorts AND MANUFACTURING BUILDINGS 


. 21.—185 by 200 ft. (56 by 61 m.)—12 stories, basement and sub-basement, 464,084 


kw-hr. All kinds of light manufacturing; 12 elevators; electric heating for manu- 
facturing. 


. 22.—100 by 100 ft. (30 by 30 m.)—12 stories and basement, 180,910 kw-hr. Corner. 


Four elevators. Printers on top three floors. Holiday goods manufactured on 
four floors. 


. 23.—100 by 100 ft. (30 by 30 m.)—12 stories and basement, ventilating plant, 212,483 


kw-hr. Four elevators. Cloak and suit manufacturing. Middle of block. 


. 24.—100 by 100 ft. (30 by 30 m.). 12stories. Corner. Textile salesrooms; 180,000 


kw-hr. 


. 25.—75 by 185 ft. (22.8 by 56.3 m.). 12 stories and basement; 140,000 kw-hr. Four 


elevators. Silk salesrooms and cloak manufacturing. 


. 26.—44 by 100 ft. (13.4 by 30 m.). 12 stories and basement; 100,000 kw-hr. Two 


elevators. Cloak and suit and other manufacturing. 


. 26 (a)—123 by 143 ft. (37.4 by 43.5 m.) 16 stories—corner. No manufac- 


turing. 240,000 kw-hr. 
OFFICE BUILDINGS 


. 27.—50 by 140 ft. (15 by 42.6 m.). 12 stories and basement; 143,320 kw-hr. Four 


electric worm-gear elevators. 


. 28.—85 by 150 ft. (26 by 45.7 m.). 11 stories and two basements. Restaurant on 


first floor. Stores and sales lofts on three floors. Five elevators. 260,000 kw-hr. 


. 29.—100 by 100 ft. (30 by 30 m.) 12 stories; 1 basement corner; 4 elevators; no restau- 


rant. Radiator and vacuum cleaner store on first floor. 187,000 kw-hr. 


. 30.—55 by 100 ft. (16.7 by 30 m.) 12 stories and newspaper offices; five high-speed 


electric elevators. 600,000 kw-hr. 


HOTELS 


31.—100 by 100 ft. (30 by 30 m.) 12 stories and 2 basements; three electric worm-gear 
elevators; one sidewalk lift; laundry machinery; transient trade. 325,000 kw-hr. 
(from ammeter record). 

32.—50 by 200 ft. (15 by 60 m.) 12 stories and basement; no laundry; four electric 
worm-gear elevators. (ammeter record.) 240,000 kw-hr. 


. 33.—50 by 100 ft. (15 by 30 m.) 12 stories and basement; small laundry; two electric 


elevators; absorption ice machine; 100,000 kw-hr. (watt-hour meters). 


APARTMENT HOUSES 


. 34.—Five houses covering block 500 by 100 ft. (152 by 30 m.); 6 stories and basement; 


tenants pay for electricity; five electric elevators; small stores under one building; 
moderate priced apartments. 125,000 kw-hr. ‘ 


. 35.—200 by 100 ft. (60 by 30 m.) irregular; 8 stories and basement; two elevators; 


steam pumps; 72 medium priced apartments. 85,000 kw-hr. 


. 36.—200 by 92 ft. (60 by 28 m.) 11 stories and basement; four elevators; electric 


pumps; 77 apartments; tenants pay for electricity. 100,000 kw-hr.(approx.) 


. 37.—100 by 100 ft. (30 by 30 m.) 12 stories; corner; 3 elevators; tenants’ light included 


in rent (48 apartments), 114,000 kw-hr. 


. 38.—200 by 100 ft. (60 by 30 m.) 12 stories and two basements, with annex 50 by 100 ft. 


(15 by 30 m.) 8 stories and garage; tenants pay for electricity; electric pumps half 
year; lavish public lighting. 193,000 kw-hr. 


DEPARTMENT STORES 


39.—230 by 100 ft. (70 by 30 m.) (irregular); 7 stories and two basements; plunger 
elevators; arc lighting for selling part; tungsten for other portions; steam-driven cash 
blower fans and pumps and elevators. 600,000 kw-hr. 

40.—92 by 122 ft. (28 by 37 m.) and 184 by 253 ft; 7 stories and 10 stories; tungsten 


lighting; electric elevators; absorption ice machine and steam pump. (Lighting in- 
adequate) 900,000 kw-hr. 


. 41.—200 by 300 ft. (60 by 91 m.) 8 stories; one and one-half basements; plunger ele- 


vators; lighting excellent; service of highest grade cash blowers; electrically driven 
conveyers; electrically driven ventilating plant. Approximate kw-hr. 2,300,000. 
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Loap CuRVES 


The curves presented herewith are taken from hourly readings, 
noted on regular log sheets, of which sample forms are repro- 
duced from an office building, an apartment house and an in- 
dustrial plant. 

The readings are, in all cases, the nearest to the steady load 
readable; that is, the engineer waits until the cessation of the 
jump caused by an elevator or several elevators starting before 
noting the current. Probably the readings usually include some 
of the running current, because, while there are many periods 
even in a busy building when the elevators are not drawing cur- 
rent, these intervals are infrequent and hard to catch. 

Discussion of Load Curves. Load curves 1 and 2 show. the 
variation in electric load in two apartment hotels. No. 1 is a 
hotel catering mainly to high-class permanent residents, built 
on a plot 50 by 200 ft. (15 by 61 m.)—12 stories and basement— 
containing four electric elevators, 10-ton refrigerating and ice- 
making plant, the usual kitchen steam-using appliances, but no 
laundry. The hotel has 300 guest rooms and 200 baths, hence 
the demand for hot water is an important factor. All the water 
used is pumped to a tank above the roof. 

There are about 1000 outlets for lights and the total connected 
capacity is about 100 kw., excluding elevator motors. 

The elevator load, which is extremely variable, is equalized by 
astorage battery. The hotel has had its own plant for over seven 
years, abandoning central station supply. The maximum load 
occurs from six to eight o’clock p.m. and is about 100 kw. This 
includes about 20 kw. charging current. The ratio of maximum 
load to connected capacity is therefore 80 per cent. 

This ratio is very high because the number of outlets in- 
stalled is restricted to the minimum requirement consistent 
with sufficient light. 

Curve 2 shows the conditions in another hotel, a large, im- 
posing structure covering a block front in New York City, which 
is 17 stories above ground and two below, built on a plot ap- 
proximately 210 by 205 ft. (64 by 62.4m.). This building con- 
tains housekeeping apartments, as well as the ordinary hotel 
rooms, restaurant kitchen and laundry. 

Refrigeration is supplied to the housekeeping apartments, 
as well as to the kitchen and restaurant, and cooled drinking 
water is also circulated throughout the building. 

The elevators (about 17) are all of the hydraulic plunger type, 
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operated by compound and triple pumps. The ground floor 
contains a number of handsome stores, brilliantly illuminated, 
while the rest of this floor is given up to public rooms and 
restaurant. 


JAN. 10, 1910 
APR. 7, *6 ——— 
JULY 26, ‘¢ —~---- 


KW. LOAD 


CuRVE 1—HOTEL 


The approximate connected capacity of lighting is 750 kw. 
and the maximum load is 450 kw. from 6 to 8 p.m. 

The ratio of maximum load to connected capacity is therefore 
about 60 per cent. 
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CuRVE 2—APARTMENT HOTEL 


In this hotel the electric plant seldom uses over 300 h.p. during 
the day and 600 h.p. at night, whereas the boiler horse power 
developed frequently exceeds 1000. 

The balance is made up of the steam supplied to elevator 


1912] - MOSES: ISOLATED PLANTS 31 


pumps, half a dozen other steam pumps, laundry, kitchen and 
refrigerating plant. 

During the cold weather the exhaust steam from all the ap- 
paratus does not suffice to heat the building, and additional 
boiler steam is needed. 

It is not unusual in the building to burn 40 tons of fuelina 
day, and 50 tons have been burned in extreme weather. This 
latter consumption indicates an average of 1000 h.p. for the 
whole 24 hours. During the cold season it is evident thatthe 
electricity is really a by-product of the heating, in so far as the 
fuel is concerned. A distributive test showed that the electric 
plant used about seven-eighteenths of the total steam 
supplied. 

Curves 3, 4 and 5 show conditions in high-grade housekeeping 
apartment houses. The three curves represent different condi- 
tions. 
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CuRVE 3—APARTMENT HOUSE 


Curve 3 is an apartment house in which electricity is supplied 
free with rent. The refrigerating plant and pumps are steam- 
driven. The building is twelve stories and basement, and the 
apartments are large, 34 in all which rent from $3,000 to $4,000 
per year. The building has its own electric and refrigerating 
plant, electric elevators, but no storage battery. 

The curve shows the steady load, and elevator fluctuations 
are additional and reach as high as 30 kw. The connected 
capacity, excluding elevators, is 100 kw. The ratio of maximum 
load to connected capacity is 70 per cent. 

Curve 4 is from an apartment house of the highest class, in 
which electricity is sold to the tenants at the standard central 
station rates, although made on the premises. The building 
covers a block 200 by 100 ft. (61 by 30 m.), 12 stories and base- 
ment, containing 48 apartments. The different character of 
this load curve is largely due to the operating of an electrically 
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driven 15-ton refrigerating machine. A large storage battery 
acts as auxiliary to the electric plant, and at one o’clock every 
morning the engines are stopped and the electricity is supplied 
from the battery. 
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CurVE 4—APARTMENT HOUSE 


8 


Curve 5 is an apartment house, two elevators, with 72 apart- 
ments, which rent for about $280 to $300 per room per year. 
The building covers a block and has 8 stories and basement. 
The maximum load is 38 kw., exclusive of elevators, and the 
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CurRVE 5—APARTMENTS 


connected capacity about 100 kw. The ratio of maximum load 
to connected capacity is about 40 per cent. 


Curve 6 shows the electric load variations in an apartment — 


house of the best grade. The apartments are of from five to 
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fourteen rooms, renting at from $1,000 to $5,000 per year. They 
have artificial cold storage, complete porter service and a vacuum 
steam heating system among the “ modern improvements.” 
There are seven electric elevators for eighty-seven apartments. 

Electricity is made on the premises, but it is sold to the 
tenants at the regular central station rates after being metered. 

The connected capacity exclusive of elevators is over 200 kw. 
and the maximum load is 75 kw. (The 82-kw. load on October 
20, 1908, was due to special decorative lighting.) 

As this 75 kw. includes about 12 kw. battery charging current, 
the ratio of maximum load to connected load is actually about 
30 per cent. The effect of metering is clearly indicated if the 
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CuRVE 6—APARTMENT HOUSE 


ratio of maximum load to connected load in Curve 3, 70 per cent, 
is compared with this ratio of 30 per cent. 

Curves 7 and 8 are maximum load curves in two department 
stores in New York, catering to customers in moderate circum- 
stances. The connected capacity was not obtainable, but from 


installations in other department stores a ratio of 60 per cent 


may be safely assumed as the ratio of maximum lighting load 

to connected lighting capacity. 
In so far as the power is concerned, the character of the service 

is all-important. If the motors are connected to elevators, the 


maximum sudden, momentary demand with four or more 


elevators will not exceed one-half the sum of the rated starting 
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currents, and where there is a large number of elevators, this 
ratio will drop to one-third. 
Curve 9 is a load curve of a large dry goods store, taken on 
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CURVE 7—DEPARTMENT STORE 


January 26 and May 16. The maximum load in December 
reached 10,000 amperes at 110 volts or 1100 kw. The con- 
nected capacity, excluding spare apparatus such as a second 
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CuRVE 8—DEPARTMENT STORE 


motor for driving a reserve exhauster for cash system, was over 
2000 kw., or omitting the motors, approximately 1600 kw. 
The ratio of maximum lighting load to connected lighting 
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load is in this store somewhat less than 60 per cent. Curves 
11 and 12 are typical of loft buildings devoted to light manu- 
facturing, such as shirtwaists, cloaks, suits, lingerie,etc. Curve 
10 is from one of the oldest and best known of the modern 
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12-story buildings. It is 185 by 200 ft. (56 by 61 m.) and en- 
closed on two sides, having twelve elevators, besides four side- 
walk lifts. 

The curves show the steady load, the fluctuation due to 
elevator load being additional. 
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CurvE 10—LortT BUILDING 


Curve 11 is from a similar building on a corner 100 by 100 ft. 
(30 by 30 m.) 12 stories, with four elevators. 

Four floors and the basement are occupied by the owners 
of the building, and are used for the manufacture and display 
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of holiday goods, picture postals, etc. The other floors are 
leased, three to a printing firm. This firm’s use accounts for the 


night load. 
The connected capacity in these buildings is 251 kw. motors 
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CuRVE 11—MANUFACTURING LoFrT BUILDING 


plus 336 kw. elevator motors and 214 kw. plus 100 kw. elevator 
motors respectively, and the ratio of maximum load and con- 
nected capacity is 36 per cent for building No. 11 and 35 per cent 
for building No. 12. 

Curves 12 and 13 are from typical office buildings. Curve 12, 
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CurvE 12—OrFricE BUILDING 


taken January 27 and April 18, includes the electricity supplied 
to a 12-story building 50 by 100 ft. (15 by 30 m.), abutting into 
the south. (January 5 curve covers the original building only.) 

This building contains five elevators and the abutting build- 
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ing contains three. These are supplied through a storage battery 
and the load curves include about 25 kw. of charging current. 
The ground floor basement is occupied mainly by a restaurant 
and a store. A very complete electric-driven ventilating 
equipment is installed for both of these. 
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CuRVE 13—OFFICE BUILDING 


Curve 13 is from another office building on a corner 100 by 100 
ft. (30 by 30 m.) and has four elevators.but no storage battery. 
This load curve shows steady load as nearly as possible. The 
connected capacities are 375 kw. and 212 kw. respectively, and 
the ratios of maximum load to connected load are 44 per cent 
and 26 per cent. 
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CurVE 14—MERCANTILE BUILDING 


Curve 14 is a typical load curve of a mail order house. The 
elevators are hydraulic plunger type, so the curve shows the 
electricity used for lighting and for the operation of sewing 
machines, phonograph motors and other small motors. 
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The connected capacity of this installation is approximately 
188 kw., and the ratio of maximum load to capacity is 32 
per cent. 
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CurRVE 15—SuGAR MILL 


Curves 15, 16 and 17 are industrial load curves. 
No. 15 is from an immense sugar mill. No. 16 is from a 
jute mill and No. 17 from a malleable iron foundry. (The last 
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CurVE 16—JuTE MILL 


represents only the load of a producer gas engine unit and 
cannot be taken as the whole shop load. It is given here 
merely for illustration.) 
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Load Curve Characteristics. The electric load curves of the 
hotels show a daily running load from 8 a.m. to 3 p.m. of from 
one-quarter to one-third the maximum load, and a peak load 
from dusk to midnight or 11 p.m. of from one-half to full maxi- 
mum load, depending upon the season. 

The apartment houses where electricity is paid for, show a 
day load, deducting charging current, of from one-seventh to 
one-eighth the maximum load, with the usual peak from dusk 
to 11 p.m. of about ? maximum load, except in summer when it 
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CurRVE 17—IRON FOUNDRY 


falls to one-half. When light is included in the rent, the day 
load varies from one-seventh to one-third the maximum, and 
the peak load except in the summer is about three-quarters of 
the maximum. 

The department store shows a steady day load, from 9 a.m. 
until 4 p.m. in the winter, and until closing time in the other 
seasons, of about two-fifths the maximum load, and the night 
lighting for cleaning, etc., varies from one-fifth to one-tenth 


the maximum. 
The office building without restaurant has a day load of from 
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one-third to two-fifths the maximum load, and there is no peak 
except during the winter and fall months. 

The office building with restaurant and ventilating fans has a 
day load of about two-thirds the maximum, and the peak load 
lasts about two hours. 

The manufacturing loft building has a steady load except 
during the noon hour of three-quarters to seven-eighths of the 
maximum. The lesser load during the summer months in one 
case is due to the stopping of the printing plant. The peaks 
seldom last longer than one hour. ; 

The industrial plants have similar curves, 1.e., steady load 
with comparatively small peaks for about an hour. 

With these load curves and others, as a basis for design, the 
division of the isolated plant into suitable units is not difficult, 
if the probable tendency of the building can be gaged in advance. 
In the following discussion, a unit is intended to mean an engine 
dynamo, with its switchboard, piping and accessories. 

For a hotel or apartment house a three-unit plant, each unit 
having a capacity of half the maximum demand, will leave one 
unit always in reserve; one will operate the equipment during 
the light load periods, and the two during peak load, with good 
over-all efficiency and perfect reliability. If electric elevators 
are installed, a storage battery to equalize the fluctuations 
while the dynamos are operating and to carry the small lighting 
load from 1 a.m. until 6 p.m. while the dynamos are shut down 
is a valuable and advisable adjunct, not only as an economizer 
of fuel, but also to insure freedom from voltage variation. _ 

In large plants like that of the hotel illustrated in Curve 2, it 
may be advisable to make the plant a four-unit plant, two of the 
units having each one-sixth the capacity required for the maxi- 
mum demand. One of these operated after midnight will then 
supply all the service. 

In the loft and manufacturing buildings, two large units, each 
capable of carrying the full load, and one small unit for after- 
hour service, are advisable, unless the fixed charges on the extra 
initial cost of the two large units over a three-unit plant with 
each unit equal to one-half the maximum demand, more than 
equals the saving obtainable by the operation of one unit 
instead of two. 

As the cost of the two-unit plant is usually at least one-quarter 
more than the three-unit plant, this question requires careful 
consideration, but simplification and space conditions point 
a priori to the two-unit equipment. 
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The same conditions hold with department store equipments, 
but another factor of grave importance enters, viz., continuity of 
operation. 

Darkness in a department store during a busy season might 
cause a panic and would almost certainly mean loss, hence it is 
advisable to have two units actually operating during all the 
selling time, or at least during peak load period, so that if any- 
thing should occur to prevent one machine from supplying light, 
the other would be immediately available. Hence it is customary 
and advisable to have at least three large units and one small 
one for late night service. 

Office buildings of the ordinary type come under the same 
grouping as the hotels and apartments. The peak is of much 
shorter duration, and one of the units may be of less efficient 
type than the two regularly operated engines, if the size of the 
plant makes such a distinction advisable. 

A storage battery is particularly advisable in most office 
buildings that are equipped with electric elevators, because the 
elevator load is a very large and sudden addition to the regular 
running load, and even with the perfected modern mechanical 
and electrical governors, some fluctuation in the lights is lable 
to occur. Of more importance in this connection is the small 
but necessary night lighting and the power required for a night 
watchman’s elevator service, for both of which the storage 
battery is admirably adapted. 

For factories occupied by a single owner, a single-unit plant is 
adopted in most instances, because of its simplicity and the 
usual reliability of the slow-speed engines and dynamos ordi- 
narily adopted for such installations. Such an equipment has 
its serious drawbacks, particularly in starting a new plant, where 
some unforeseen and hidden trouble in manufacture may cause 
untold annoyance, if it develops after the regular running is 
commenced. 

If ample time can be had to test out the apparatus before- 
hand, little trouble need be feared with a single unit where the 
schedule of 10 or 11 hours a day is adhered to. 


PowER PRODUCTION IN ISOLATED PLANTS 


I have already pointed out the influence of the different factors 
upon each other in the isolated plant. The choice of a prime 
mover is necessarily governed by these factors. 

If heating is a negligible matter, as it is in tropical countries 
and in many manufacturing and industrial establishments, the 
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choice of a prime mover is governed by the balance between 
investment and efficiency. 

The high-efficiency modern producer gas engine and the oil 
engine by their simplicity and reliability offer many advantages 
over the high-pressure steam plant, and where steam is not 
used for other purposes to an extent proportioned to the power 
requirements, the tendency is rightly, I think, toward this type 
of plant. 

Two producer gas engine plants recently installed have given 
results fully equal to the guarantees, and a kilowatt-hour can be 
and is regularly produced at the switchboard under regular 
operating conditions for about two pounds of No. 1 buckwheat 
anthracite or pea coal, and this in plants of a few hundred kilo- 
watts capacity. 

One of these plants, of 175 kw. capacity, of which the load 
curve is given, is making current for 1.14 cents per kilowatt- 
hour, including fixed charge on a power house, etc., for a 
duplicate equipment. These are the owners’ figures and include 
all charges. 

The other plant, a 600-kw. plant divided into three units, is 
using 1.75 pounds of pea coal per kw-hr. under regular working 
conditions, including all fuel used for banking. 

As the cost of the gas producer plant is no higher than that 
of a high-efficiency steam plant, the relative merits under the 
conditions outlined hardly need elaboration. 

On the other hand, in another plant, belonging to the same 
company for which the gas engine plant was installed, the steam 
engine offered the correct solution for at least part of the plant, 
because the electricity was practically a by-product of the con- 
centration and evaporation of the sugar solutions. 

In many instances a combined steam engine and producer gas 
or oil engine plant offers the best solution, the steam plant being 
installed to such extent only that its exhaust may be fully utilized. 

With such equipments, with the exhaust gases from the gas 
engine used to heat feed water from the boilers, an almost 
ideal operating condition exists for at least part of the year. 

I have investigated a number of isolated plants operated by 
oil engines, and find particularly in the small plants that they 
are giving remarkable service. The almost universal testimony 
is to the absence of trouble and the reliability of the small sets. 
With the larger units the heavy parts and the unfamiliarity of 


the operators have given some trouble, but in general the results 
are satisfactory. 
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The necessity for steam boilers and the space conditions in 
city buildings usually preclude any type of plant but steam 
unless the building is planned from its inception for the gas 
engine or oil engine equipment. As the engineer is frequently 
not called in until the general plan is adopted and as space 
beyond a certain amount is often extremely precious, the usual 
isolated plant in city buildings in the East is a steam plant. 


Costs oF MAKING ELECTRICITY 


Some kilowatt-hour costs in buildings follow. These costs 
are derived by deducting from the total operating cost of the 
building with an electric plant, the cost of operating without 
an electric plant. This latter cost is either actual or estimated, 
depending upon whether street service had been used prior to the 
installation of the private plant or not. In each instance the 
fact is stated. I do not go into particulars of each plant because 
there have been many such figures printed. They are, however, 
as closely correct as I can make them and are taken from the 
regularly monthly plant reports. 

Where the costs are given for different seasons, the variation 
is due of course to the high cost of supplying heat and engineer’s 
services, etc., during the winter and the relatively low cost of 
these services during the summer. 

The kilowatt-hour costs do not include fixed charges unless 
otherwise stated. 

My reason for excluding fixed charges is that each case 
presents a different condition. Money may be worth 25 per cent 
to one man and 3 per cent to another. With the cost of making 
electricity before him, each man can then decide if this cost is 
sufficiently less than the central station charge to warrant the 
investment. 


KILOWATT-HOUR COSTS 
Loft building.—100 by 100 ft. (30 by 30 m.) 12 stories and basement. 


2 Mfg. cost 
Month Kw-hr. Total cost Basic cost Mfg. cost per kw-hr. 
Sram Meletapaterareicd stareiepce ica eas 15080 756.81 300 456.81 $0.03 
MUL EIR ATO sy pfotarslewsiatane'sr saldee fetevsrel ss <8. 18450 936.26 470 466.26 $0 .0252 
(CYSiGy XS ORES Clg Since cane ene 17810 884.76 300 484.76 $0.0328 
ACU erect ee rics Gviilawivia wes we 12060 680.26 200 480.26 $0.04 
Cost of plant: $12,000. Fixed charges per kw-hr. approximately jc. 
Loft building.—185 by 200 ft. (56 by 61 m.) 12 stories and two basements. 
Mfg. cost 
Month Kw-hr. Total cost Basic cost Mfg. cost per kw-hr. 
PNTORD UL Oe Os oe RRO eee 36930 1830.25 750 1080.25 $0 .029 
NEELA LV ieee Lite e vais a's ee isiayore os, ape 41950 1841.82 950 891.82 $0 .0212 
DECOWER wrarsreyensca <2 Ag. ds Cao oueS 39480 1643.07 750 893 .07 $0 .0226 
IRC Ayo hho Cae GO cee eee 31800 1543.04 650 893.04 $0.0281 


Fixed charges: 4 cent per kw-hr. Plant cost, $20,000. 
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Apartment house: (free light); 36 apartments, high class refrigeration; best service. 


Mfg. cost 

Month Kw-hr. Total cost Basic cost Mfg. cost per kw-hr. 

April netitsré Wee s faemideleteae els 17450 1359.86 1016.85 343.01 $0.0197 
JANUALY’«oiera so! ielervit em enn rash liebeun 21620 1360.84 1052.29 308.55 $0.0142 
October Fie cprts sicicresdete mabe ey ee 13500 1208.67 900.75 307 .92 $0.0228 
July io tive cackes ca alee es 9350 1074.03 709 .82 364.21 $0.0389 


Apartment house: (Electricity sold to tenants) 87 apartments; high class refrigeration; best 
service; large quantity public lighting. 


Mfg. cost 
Month Kw-hr. Total cost Basic cost Mfg. cost per kw-hr. 
Aprilit.. eects on crete mera 
JANWATY< stajcjnthiers fcc eho te nice 18154 2224.59 1749.18 475.29 $0.0261 
October ai. c-o selayaneitenaiers cals itenee 14885 1920.56 1507.34 413.22 $0.0278 
JULY. crat.a le AE Tes Olt eer eee 11254 1731.54 1226.66 504.88 $0.045 


These items are all higher than usual because last year the plant was completely over- 
hauled, new plates installed in storage battery, new condenser for refrigerating plant, new 
hot water tank, etc., all of which is charged off during ten months from date of expenditure. 


Office building: 100 by 100 ft. (30 by 30 m.) 12 stories; tungsten lighting; four elevators. 


Mfg. cost 
Month Kw-hr. Total cost Basic cost Mfg. cost per kw-hr. 
DTI creole eave terehe al eteper trate a ote 14600 738.15 365.62 372.53 $0.026 
JABMATY iis care Heteit peenan anc cuntete 18310 714.39 458.40 255.99 $0.0142 
Octobersre ts «ieseiatinscieuctes, dete LD OOO 669 .69 355.03 314.66 $0.021 
MAUL Vic aeons opal aieietors ata aeata lois Mteiase 11590 693.17 250.00 443.17 $0.04 


Office building: 140 by 70 ft. (42.6 by 21 m.) 10 stories. 


Total kw-hr. 340,000 of which 88,817 were used mainly for driving an electric pump for 
operating two high-speed plunger elevators. 255,788 kw-hr. for lighting. 


Total cost: per“year Seance hecho trans oR Ce eee $8,070 
Basic: cost: ' (estimated) suiaiaia « costa Cintecele ee Le $3,200 
Cost of electricity Siaec ne sean. sie ot Coan sa Or Ce $4,870 
Manufacturing’ cost per kewshrotiy. ek Sees Soe ee ee ee 1.43 cents 


MANUFACTURING PLANTS 
Locomotive Works—oil engines. 

Total cost per kw-hr. on 225 h.p. set (including 0.223 cent for fixed 

CHALHES) sie cielote she ik + e310 mero eee ed oon ear eee 0.74 cent. 
5300 hours a year at full load. 
Shop time 6500 hours. 
With load factor another year, after panic, of only 24%, cost per 

lew-hr.i Was-inoreaseds tocar ct cious am cei aes ee 2 cents. 


Malleable Iron Foundry: Producer Gas Plant. 
Total cost per kilowatt-hour including fixed charges, approximately..1.71 cents. 
Hardware: (Steam plant condensing). These figures include interest and 


depreciation and are given through courtesy of Mr. T. Hoops, Jr., 
Supt. of Wilcox Crittenden & Co., Middletown, Connecticut. 


1908 
Month Kilowatts Cost 
May’... «ch sytaneeinefon are ieee Sane 23,970 0.01986 
JUNES ccc eee ce eee rete 27,760 0.01733 
July Soscrefon rede eater ee 29,600 0.01602 
ABUSE tireacciils deters een eee 27,530 0.01736 
Neptembersnwsr.ece eee) Meee 27,830 0.01601 
October. nos ds eldest eee 26,180 0.02095 
November:..i3.0cc hoe ee ee 22,360 0.02289 
Decemberynschcn case eee te 24,960 » 0.02164 
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Silk Mill: Producer Gas Plant. (New York City); 150;by 1007ft. (45.7<by 30 m.) 4 to 5 
stories high. 


HUVEC CIS EEUH TOT ED OF OUTS Nem ralezy rake aaah 9 ook ake cues Reva coals ob cies che Bis 4208 kw-hr. 
2.6 pounds of pea coal per kw-hr. approximate cost including fixed charges. .24 cents. 


Depariment Store: 250,000 kilowatt-hours. 


@usteperelilowatt-hourwdereminte iyo tive eh reula kaw as ones overeat. 1.34 cents, 
Hotel; (based on figures given by chief engineer). 
(Costzotoperationswith plantarn..imo ives idecctatee te cota cmc corn. $33,285.71 
Wort oioperationswithout plant’. (Jade. des 0esheritcuss testa cece. 
Cost exclusive of electricity ‘purchased :.......0escccceeccecctcseucccee 25,779.71 
Gos trotemaling clectriciG ya ateats: PR aias le Seats cis hooldeicine Soke Lake an $ 7,407.00 
Coste pere Kwa listen tii... creed sre edu s wleitasite avaek between 6/10 and 7/10 cents. 
Hotel: 300 rooms; 12 stories; 240,000 kw-hr. 
MOLHMMODELALIN Mm COREA pee CR anyon: cath care tiiae y hasins accehat Setanta! $12,800 
Basic cost (based on operation before plant was installed).............e0e $ 8,600 
$4,200 
Cabin fe TATA 59 COR Re BTS EOE Ee Se et ene Sarma 1.75 cents. 
TABLE OF COST PER KILOWATT CAPACITY 
(Based on personal experience in New York and vicinity) 
Per kw. of 
Boilers (erected and set in masonry): plant capacity 
EMORIZONULAIMLUL DU LAD urn vereks aPafere bie « otteini ious ine nLOb oie oll ohareiele ase oie sae $14—$18, 
Wiater-tu be. neon ta ict, Rilo Retina Ansaid ttt Sha ercieigie » Gone whee 16— 20 
Steam engines: 
High-speed, simple direct-connected.............0 ccc eesecscevees 20— 25 
Medium-speed, compound non-condensing direct-connected........ 28— 35 
Low-speed, compound condensing, belted..................0ceveee 20— 25 
ow-speed wsimple,. DELLE: ssyis.c/e critors:e \ vst esssete s siers bed oielsiw viouce-eite 25— 30 
fee LTCS PME EET eet Ve tes fa vteh nlelacs, cheatin, Gusue sas udho shave chiens. 4 Wiehe Sidte aeey 50— 60 
OCTANE acriew etre Merets = oh orakaee ohois wilalaue tere Piss +: = eidunletote vasa feloles® Gueme (al exoare co 75— 85 
GAS EDLOMUCEES carierevae clei ore cere ou Nlete SINE sHeicoxe: bv eoellay elav’s a layase! sands ales ale goa 15— 20 
Dynamos: 
Direct-connected to high-speed engine.............0.cccsceeeeede 13— 16 
IBeIL-CONNECL EUs UO LENIG ITC... ct iicie 0), deletotors cuchalldl -laiste: ore cdelarie s: aveve wiles d,cbene 12— 15 
Direct -comnecteds to :COrliss ENGINE so yefers oo. dare so. 4 Vivienne saialeies @ veered vie 16— 20 
ROWS EOIIIO AEE senate erie desrens nv dec ic ein weenie suis d.6 Sesh e avs, Suet oka oO Rs Soeseveusy 0 5— 10 
COMING EI OTIS teratere /afeyenou ca Nlavetee eieisiers Craleuae oe chen fwucho re epeueiac’ eleeveresmahe vies 5— 10 
Steamfitting—including auxiliary apparatus—such as feed heater, grease 
separator, exhaust head, tanks, covering, etc............+20005 20— 30 


The figures of installation cost have been published by me 
beforg and I use them in estimating and find them to be closely 
correct for New York City. 

I hope that these figures together with the other data presented 
will be of use and will also serve as a basis for discussion and 
presentation of other facts and figures. 
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Discussion on ‘“‘ Some Nortes on ISOLATED Piants ” (MosEs), 
New York, JANUARY 12, 1912. 


R. P. Bolton: I will draw attention to some of the features 
which the author has introduced as being of an informative 
nature and upon which we are invited to base future action 
and practise, and of which the diagrams presented purport to be 
indexes or guides. A casual observation shows that they omit 
consideration of a very important element of variation in output 
and demand on the part of these appliances. They seem to be 
based upon the sole consideration as to whether electricity be 
purchased or be manufactured, in the case of those on the left 
side of the page, and on the further consideration, in the case 
of the right-hand diagrams, of whether a certain amount of 
steam, more or less, would be required and provided by the 
apparent electrical output. The isolated plant, however, oper- 
ates under summer conditions and under winter conditions, 
the demand for steam heat being climatic, intermittent, and 
irregular, while the demand for electric lighting is also inter- 
mittent and irregular—therefore how can conditions as laid 
down in the diagrams be used to determine the relative pro- 
portions or even the kind of apparatus to be installed in different 
plants? It is an open question whether or not it is desirable 
for steam-driven fans to be installed for indirect heating systems 
in connection with purchased electricity. The conditions might 
be such that it would be highly undesirable from an economic 
standpoint to make such a combination, and more particularly 
so if the process involved the employment of extra labor, which 
after all is the main element to be considered in connection with 
all the items in these diagrams, and one which does not appear 
in them at all. 

It is a remarkable and interesting fact, which appears very 
frequently in connection with isolated plant design and operation, 
that low efficiency and wasteful lighting is regarded as an element 
which does not disturb the overall efficiency of the isolated plant. 

I cannot agree that the building on Fifth Avenue, mentioned 
in the paper, is typical of office building conditions, for the 
diagram (Curve 12) shows that the load curves of its plant are 
not typical of office building duties. One curve illustrated shows 
the apparent output used in the building, and another that of 
the building combined with the output used in another buifling, 
an interesting combination, to be sure, but one which does not 
carry with it conviction. Nor does the information given in 
connection with the building allow an analysis which would offer 
necessary directions to a designer in planning a new plant upon 
similar bases. 

In regard to office building curves, there is a great deal 
omitted from the paper which would have been of value. These 
buildings are operated, in this as well as in other cities, on low 
factors of load and also on low factors of time, operating the 
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plant on a ten or twelve-hour service, on the working days of the 
year, which, including the Saturday half-day service, are equiv- 
alent to 278 days of 10 or 12 hr. The rest of the year is made 
up of lost or idle time on Saturdays, Sundays, and public holi- 
days, and the night periods of all, resulting in a combination of 
conditions very unfavorable to the operation of steam and other 
generating apparatus. In the Trinity building, No. 111 Broad- 
way, the maximum peak load in October, which may be taken 
as an average of the year’s condition, occurs at 4:30 o’clock, and 
has a tendency to shift as the winter proceeds, occurring at an 
earlier hour in the afternoon, and then gradually shifting to a 
later hour. The building is equipped with the highest class of 
machinery to be secured at the time of its installation, and has 
units of a sufficient number to divide the load in a reasonable 
manner, and with a reasonable expectation of efficiency, yet 
on an October day, when the load reached about 3000 amperes, 
at 4:30 p.m., the all-day load factors were as follows: of the sets 
under steam, 37.6 per cent; of the total installation, 28.22 
per cent. 

Inasmuch as all classes of small steam engines fall off very 
rapidly in efficiency, and increase their steam consumption 
very rapidly, as the load factor decreases, the conditions must 
be very unfavorable to economical operation. When conditions 
occur such as on holidays, summer afternoons and during night 
service, poor economy results. A typical Sunday load on Decem- 
ber 3 was as follows: the all-day load factor 12.21 per cent of 
the sets under steam, and only 3 per cent of the entire installa- 
tion. Such conditions are not, therefore, favorable to the opera- 
tion of steam engines. 

I draw your attention to the fact that some of the diagrams 
of load curves presented omit a very essential element, the 
variations introduced by elevator service, which constitute a 
certain proportion of swinging load above the load here recorded. 
For the purpose of comparing and deciding upon the proportions 
of another plant, under similar circumstances, what information 
can be gained from diagrams consisting of observations of a 
steady load, irrespective of the surges of elevator service, inas- 
much as elevator service constitutes an element of prime im- 
portance in all plants of any magnitude to-day? 

The author introduces daily log sheets of records in certain 
classes of buildings. It is evident upon a glance at these sheets, 
that many of the elements which were supposed to be recorded 
are omitted, and that they do not afford any definite information, 
either by summarization or by note, such as may enable anyone 
to derive any determinate conclusions therefrom. 

John C. Parker: Iam very glad to see that Mr. Moses has laid 
stress upon the fact that the isolated plant should be treated as a 
whole. I think we too often in our engineering practise are 
likely to concentrate attention on details, insisting on perfection 
here, perfection there, or perfection in the other place, without 
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considering whether the aggregate of perfections constitutes 
perfection in the whole. The fact that the isolated plant is to 
be handled as an entity rather than as a group of disjunct units, 
is one on which stress can very advantageously be laid. This is 
so much the case that it becomes very important that the isolated 
plant be considered not only as an electrical energy generating 
device, but as a heating device as well. This fact makes it 
rather regrettable that Mr. Moses has given a good many of the 
details of cost of fuel and labor for heating in buildings without 
private electric plants, in a general form rather than specifically. 
The fuel consumption of a building of a certain size, of certain 
superficial area, with a certain number of floors and used for 
certain business, is not in itself particularly valuable. The 
conditions in different manufacturing plants vary so much that 
even had the fuel consumption for heating purposes been given, 
that would not in itself have been sufficient evidence, because 
climatic conditions in various localities differ, the percentage of 
glass in the exposed walls of buildings naturally differs with the 
style of architecture, and the character of the construction of the 
side walls makes a tremendous amount of real difference in the 
fuel consumption for heating. 

It is quite unfortunate that Mr. Moses has not reduced the 
extensive data in his paper to formulas, so that the members 
could have the benefit of his experience in deriving the constants 
of various buildings for heating purposes. I think it would 
be a considerable contribution to our records if, in his final 
summing up of the discussion, Mr. Moses could reduce some of 
the data secured in his extensive practise to formulas. Those of 
us who have to calculate the heating requirements of buildings 
find a tremendous dearth of data giving the building constants. 

In regard to the table of costs of plants per kilowatt capacity, 
I notice that for a medium speed direct-connected plant we might 
expect the investment cost to run between $90 and $125 per 
kilowatt. My own experience in investigating something like 
500 industrial plant propositions has indicated that these figures 
are perhaps a little low for plants of the best type and of medium 
size—say up to 500 kw. The discrepancy between my own 
observation and that of Mr. Moses may be due, perhaps, to the 
fact that these plants have not required a building, and I have 
failed to find the stack cost represented in the tables in Mr. 
Moses’ paper. Where a plant is put in a basement or sub-base- 
ment, no separate building has to be put up for it, but one would 
still expect to find some part of the building cost chargeable to 
the plant. 

I ask if Mr. Moses intended the figures to cover the overhead 
costs, which I suppose might add anywhere from $4 to $10 a 
kilowatt to the cost of the plant. 

I am very much interested in one point brought out in Mr. 
Moses’ paper, and that is that the highest efficiency apparatus is 
not always to be sought—that there are times when, as Mr. 
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Bolton expressed it, the less economical the apparatus, the more 
economical it really is in operation. I think the principle can be 
pushed a little further than Mr. Moses has done in his paper. 
It is not altogether a matter of running a plant to supply exhaust 
steam, but we do find differentiating conditions, between pur- 
chased power and isolated plant power, if you will, due to still 
another cause. We find that the use of highly efficient power- 
utilizing apparatus and lamps may be desirable in one isolated 
plant and not in another. The reason is this: unless the isolated 
plant has approached the limit of its capacity, the installation 
of highly efficient lighting units, we will say, will make reduction 
in only two places; namely, the fuel and the water cost. I will 
roughly indicate this by a diagram, which is not intended to be 
quantitative. The aggregate fuel may be plotted as ordinates, 
and the kilowatts load as abscissas. The curve then might be 
expected to be something in the nature of a straight line inter- 
secting the ordinate axis at some distance above the origin. 
Now, in cutting the load off from the top, we find that while the 
average fuel consumption of the plant might be something like 
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five or six pounds (2.3-2.7 kg.) per kilowatt-hour, the reduction 
in fuel consumption by drawing off load would not be in anything 
like the ratio of five or six pounds to the kilowatt-hour, but in a 
much smaller ratio, since the reduction in fuel consumption is at 
the point where the consumption is the most economical. Fuel 
consumed on the light load part of the plant has borne all the 
burden and heat of the day, and it therefore follows that the 
eleventh-hour consumption follows the biblical analogue and 
gets through very easily. Now, from this it follows that, except 
in the cost of a plant which is pushed to the limit of its capacity, 
one cannot afford to spend a great deal on highly efficient motor 
drive, and on efficient lighting units, as could be done where 
power is purchased from the outside, since in the former case no 
saving is made in plant investment, labor cost, et cetera, and at 
the best, an incommensurably small saving of fuel and water; 
while in the latter case a reduction in load affects equally the 
kilowatt-hour consumption and the kilowatt demand. 
Practically all sales rate schemes are based on three charges: 
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one a customer charge, which is not affected by anything you may 
do in the way of efficient operation; another charge based on the 
kilowatt demand, which is, of course, affected by efficient 
operation; and another charge based on the kilowatt-hours of 
energy, a condition which would be similar in a degree to the 
condition in the laying out of a contemplated isolated plant. 
There, if your lighting load, or the economies you would make by 
highly efficient power distributing apparatus, were relatively 
small, you might be able to get along with a smaller plant. 

However, even in this case, the general principle still obtains, 
since plant cost will follow a curve approximately of the same 
sort as shown above, and therefore efficient distributing and con- 
suming devices will save only a part of the fuel and water, none 
of the labor, and only the cheapest part of the apparatus in- 
vestment. 

The point I wish to make in all this is that what the economists 
know as the “law of diminishing returns,’’ otherwise expressed 
by the writer in his paper on fixed costs presented before the 
Institute March 10, 1911, as the ‘‘ marginal principle,” must be 
applied to all of our studies, without assuming that because 
efficiency is to be sought at a price in one case, it may of necessity 
be the desideratum in all cases. 

To show just how far the principle brought out by Mr. Moses 
does apply, I want to take the very simple case of the carbon 
and the metallic filament lamp. I have assumed the ordinary 
16-c.p. carbon lamp, consuming 3.5 watts per candle, and com- 
pared it with a 20-watt tungsten lamp, delivering the same 
amount of light, 16 c.p. There is a difference of 36 watts in the 
consumption of the two lamps. Assuming a life of 1000 hours 
for the lamp, and assuming that the marginal coal consumption 
is 2 lb. (0.9 kg.) (by the marginal coal consumption, I mean the 
coal consumption due to the last portion of the load added to 
your plant) and figuring the cost of the fuel, and water evaporated 
by the fuel, at $3 per ton, we find that the use of the tungsten 
instead of the carbon lamp will save 10.8 cents during the life 
of the 20-watt tungsten lamp. Now, on the other hand, let us 
assume we are purchasing power. Taking figures merely 
typical, not pertaining to any particular locality, let us assume 
the power is purchased on a demand charge, we will say of $2 
per kilowatt per month, and in addition to this, at 1.5 cents per 
kilowatt-hour of energy consumption. The saving by the use of 
the tungsten lamp over the carbon lamp would be 36 watts, 
times the thousand hours of lamp life, divided by 1000 to reduce 
to kilowatt-hours, times the 14 cent charge per kilowatt-hour, 
or 54 cents, to which is to be added a further reduction of 0.046 
kilowatts at $2 for 1000 hours, divided by 200 hours, the assumed 
monthly hours of burning, which equals 46 cents. This makes a 
total of $1 saving, as against something less than 11 cents in the 
case of the isolated plant, where you are not pushing the limit 
of plant load. 
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met his illustration is a simple one that I thought would be 
interesting as laying further stress on the fact brought out by 
Mr. Moses that the higher efficiency apparatus is not always the 
best; that the isolated plant is not able to avail itself of the 
efficient devices that can be used with purchased power, where 
the consumer is not dependent upon a fixed investment. 

Please note that the principle here laid down is not of necessity 
always applicable against the isolated plant, but that in general 
it does apply when the plant is not being pushed to the limit of 
its capacity; and that even in the design of a brand new plant, 
one cannot always take advantage of such a principle, unless 
the demand load reduction is big enough to make a material 
difference in the size of plant installation, and then only to 
a partial degree. 

It must not be thought, as might superficially be done, that 
the greater saving by the use of efficiency apparatus in the case 
of purchased power is due to the inherently higher cost thereof, 
but rather that this greater saving can be effected through a 
flexible rental of the station equipment. 

Arthur Williams: I have some reluctance in attempting to 
present to you the other side of the question that has been so 
carefully and ably presented to you to-night. At the outset 
perhaps it is only fair to say that I personally stand on the other 
side of the question, partly because of my professional relation- 
ship to the industry, and partly because I believe that that is 
the side of economy and efficiency, and of the greatest benefit 
to those who need modern service in modern buildings. 

The author states that the installation of a private plant 
in one building last year, or the year before, effected an economy 
of $12,000, or approaching $12,000. The admitted figures are 
that a gross saving of about $11,500 was effected, of which the 
consulting engineer received one-third, between $3,000 and 
$4,000, thus reducing the saving to the owners by that amount, 
or, let us say, to $7,000. This $7,000 is made up of a number of 
economies that the consumer himself might have availed him- 
self of. The consumption of current was increased to such an 
extent that there would be an estimated saving, at the normal 
rate prevalent in New York, of $3,000 a year. I understand 
that it cost about $30,000 to put the plant in, and allowing as 
little as 15 per cent a year to cover interest, depreciation and 
repairs, you will see the difference is immediately and auto- 
matically wiped out. 

It is not necessary for me to point out that depreciation need 
not be the question of the physical life of the plant. It arises 
from the supersession element, either from improved machinery, 
or from similar service being obtainable from another source. 
I do not think the premise can be fairly questioned, that instead 
of 15 per cent, the depreciation of the first year was 100 per cent, 
and to whatever actual cost is shown by the books of this con- 
sumer should be added the cost of installing the plant, in the 
neighborhood of $30,000. 
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The author makes reference to the fire protection to be 
obtained through the presence in the building of a large engineer- 
ing force. I regret exceedingly the immediate occurrence of an 
illustration which shows how utterly incorrect is any such 
conclusion. I have in mind, and perhaps you all have, the fire 
which occurred this week, that of the Equitable building, where 
the engineers, because they were in the building, spent fourteen 
minutes according to some witnesses, according to others, 
twenty minutes, trying to extinguish the fire themselves. It is 
a well known fact that the first three or four minutes are of 
supreme importance in the extinguishing of afire. And I submit 
to you that if that building had had no engineering stati, simply 
a ianitor on duty at night, or-a watchman, the first thing such a 
man would have done would have been to send in an alarm to 
bring out the fire department. If that had been done—I do not 
speak with personal knowledge—bue if that had been done, our 
competent fire department would have extinguished the blaze 
before the lapse of twenty minutes, which expired between the 
time the fire was discovered and when the alarm was sent in. 
I am of the opinion that the building most simply equipped, 
with least dependence on its own equipment, from the standpoint 
of safety alone, is the best kind of investment, leaving out all 
other considerations. 

In conclusion, I would like to draw your attention to two 
facts. Mr. Parker, I think, will permit me to say that he need 
not be surprised that the cost of the stacks is omitted, because 
it is the usual practise, and I have yet to find a single instance 
where excavation in solid rock many feet down into the ground, 
to be replaced with very expensive steel structure, has ever yet 
entered into the cost of the power plant in the building in the 
figures of the engineers or architects, nor has it been included 
in the final cost of the expense of the power plant. When 
Mr. Parker understands that is a common practise in New York, 
I do not think that he will be surprised that the cost of the stack 
has been omitted. In a very recent case we found on an expen- 
sive Broadway corner that there was absolutely no difference 
in the net income upon $800,000 spent in the erection of a 
12-story building, taking street service, with all the economies 
that means, and an 18-story building in which the income from 
the additional building equipment was required to meet the 
enhanced expenses of putting a complicated power plant into 
the building. - In the last analysis the percentage of the return 
on the value of the property was better in the erection of a 
12-story building with street supply than an 18-story building 
with a private plant. 

George W. Martin: Mr. Moses’ paper presents data showing 
the cost per kilowatt-hour of generating electric current in a 
private plant. 

During the last few months two cases have come to the 
writer’s knowledge, in which the method of figuring operative 
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costs is open to criticism. In conversation with the superinten- 
dent of one of the well known buildings on Broadway, the ques- 
tion of the cost per kilowatt-hour came up. As the plant con- 
tained hydraulic machinery for elevator operation it was neces- 
sary to segregate the elevator operating costs in order to obtain 
the cost per kilowatt-hour of electric generation. This was done 
by running the electric plant for one Sunday, carrying the same 
load as on week days. In this way, as the superintendent naively 
stated, the cost per kilowatt-hour was found to be 24 cents, not 
counting repairs. The cost per kilowatt-hour including repairs 
is left to the imagination. 

The item of depreciation is another that is often neglected. 
Some of the most difficult facts to impress upon the minds of any 
plant owners, and indeed some engineers, are that the plant is 
steadily growing older, that repairs are necessary each year, and 
that depreciation is as real a charge as the coal bill. The neglect 
of the item of depreciation alone has in one case, to the speaker’s 
knowledge, well nigh resulted in the total shut-down of one of 
our largest office buildings. 

For years this plant was operated apparently with the idea 
that the machinery would last forever, and as long as a pipe did 
not actually burst or a boiler explode, little attention seems to 
have been paid to the fact that the apparatus was steadily 
growing older. Of course, the small amount spent for repairs 
cut down the cost per kilowatt-hour. But not so very long ago 
the plant absolutely refused to work under this system of man- 
agement, and it was only by the most strenuous efforts that 
operation was maintained. 

The plant is now being entirely overhauled, and in three 
months the items of repairs for running have been about as 
follows: 


INIGU GESAEA fou MANE cad crag ceca & om gb eee tol Deiat $3,600.00 
Ve DATESHUOMDOU ELS Sera claws cist seen sce baa or sie c) 0m cst oe 2,500.00 
EYINNUPS, WO) INEM LNG GHEE 8 wei Ooo Oot eo Od oe ese 2,500.00 
IMifscellaneGtUs me pairswemi ore ci cicls efybstais simciels are 1,000.00 

Additional labor necessary to keep plant in operation 
—two men for six months at $18 each per week.... 864.00 
$10,464.00 


The foregoing items represent actual experience, and demon- 
strate the absurdity of trying to keep down plant costs by neg- 
lecting the items of repairs and depreciation. 

Charles K. Nichols: The author of the paper states that 
“if electricity is made on the premises the exhaust steam avail- 
able points to an exhaust-steam-operated absorption refrigerating 
plant;” on the following page he avers that the “ refrigerating 
design will affect the power plant piping design because of the 
use in the retort or generator of steam at a higher pressure than 
that carried on the main parts of the plant.” In other words, 
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it is the exhaust from the pumps of the absorption refrigerating 
plant, or other auxiliaries, that is used in the generator of the 
absorption machine and not the exhaust from the electrical 
generating units, as one is given to believe from the paragraph 
first quoted. 

While it is unquestionably true that exhaust steam may be 
used in the generator of an absorption machine, provided a 
sufficiently high back-pressure is carried to meet the conditions 
imposed by the temperature of the water that is available for 
cooling—-which is usually high during the summer months when 
the refrigerating load is at its maximum—it is most assuredly 
an extremely uneconomical method of attempting to utilize the 
exhaust from the generating units of the average isolated plant, 
and if the writer of the paper can point out any single instance 
where a private electrical generating plant in this city is utilizing 
the exhaust from the engines of the generating units in the gen- 
erator of a refrigerating or ice-making plant of the absorption 
type during any portion of the year, I will be very glad of the 
opportunity to become acquainted with such an example of the 
‘interdependence and interaction’? upon which the author 
places such stress in connection with isolated power plant design. 

The author states, referring to the subject of isolated plant 
design, that “‘ compactness and simplicity are of the greatest 
importance ”’ and then, as an evident afterthought, he remarks, 
“one might add reliability.” The sentence last quoted is 
literally true if applied to the operation of the average isolated 
plant, and the added reliability is usually obtained in the form 
of an adequate break-down connection with the central station. 
The owner of an isolated plant, as well as those persons who are 
dependent upon one for their supply of light and power, would 
be inclined to look upon reliability of operation as being of con- 
siderably greater importance than either compactness or sim- 
plicity of design. 

The figures given on the ‘cost of fuel and labor for heating 
in typical buildings with private electrical plants,” are practic- 
ally valueless in so far as they afford a means of estimating these 
items of cost for other buildings. In spiie of the author’s 
assurance that “ the figures presented should allow an intelligent 
engineer or owner to estimate closely the probable cost of 
supplying steam to a building of one of the types given,” they 
actually permit of nothing of the sort, inasmuch as the heating 
requirements of different buildings of the same general type of 
construction vary in accordance with the amount of wall and 
window exposures, and not in accordance with the ground areas 
covered and the number of stories. It is not at all unusual to 
find two buildings of practically the same size and the same 
general character where the heating requirements of one of the 
buildings are practically double what they are in the other, due 
entirely to a difference in the exposures. When such buildings 
are compared on a proper basis, however, these apparent dis- 

repancies entirely disappear. 
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Even if the heating requirements of these buildings could be 
sufficiently determined from the data presented to serve as a 
basis for comparison with other buildings, the actual coal re- 
quirements, except for buildings 1 and 2, could not be estimated 
from the figures of coal cost as given, on account of the omission 
of the price of coal per ton. 

While the figures are represented, from the heading under 
which they appear, as being fuel and labor costs for heating, 
they actually cover, in at least fifty per cent of the cases cited, 
by the author’s own admission, the cost of producing steam for 
other purposes than heating the building. It will be observed 
that several of the buildings have steam-driven refrigerating 
plants, while a number of them have hydraulic elevators, 
operated by steam-driven pumps. It is manifestly useless to 
present fuel and labor costs, even if they are correct, for installa- 
tions of this character, if the purpose is to present heating cost 
figures that may be used for comparative purposes. 

The figures presented of kilowatt-hour consumption in various 
buildings are of little value in so far as they attempt to furnish 
a means of estimating the probable consumption of electrical 
energy in a proposed building of known size and type. The 
author fails to mention, in connection with fourteen out of 
twenty-two buildings, whether the elevators are of the electric 
or hydraulic type, a knowledge of which would be quite essential 
in order to estimate the consumption of electrical energy. In 
practically none of these cases is any information given as to 
the character of the lighting or as to the type of electric lamp 
that is employed. Moreover, the author fails to mention 
whether a private electrical generating plant is operated in the 
building or whether electrical energy is purchased from the 
central station. When a building secures a supply of electrical 
energy from an isolated plant, the consumption is invariably 
greater than it is in the case of a similar building which secures 
its supply of electrical energy from the central station. Where a 
private generating plant is installed, there is little or no incentive 
to practise economy in the use of electrical energy, as a result 
of which a reasonably low unit cost of generation may actually 
mean a relatively high total cost of furnishing the amount of 
electrical energy that is actually required. 

The method described by the author of obtaining the cost of 
generating electrical energy in an isolated plant might be a 
proper one where the conditions permit of an actual determina- 
tion of the so-called basic cost,-but the method becomes a farce 
when it is necessary to estimate this basic cost. 

The author states that these ‘‘ basic costs ” are “‘ either actual 
or estimated, depending upon whether street service had been 
used prior to the installation of the plant or not.” As the num- 
ber of cases where central station service has been superseded 
by an isolated plant is small, it follows that the “ basic cost ”’ 
figures of the author are nearly all “ estimated.” 


56 ISOLATED PLANTS (Jan. 12 


John W. Lieb, Jr.: If an examination is made of the schemes 
of operation of the plant, or diagrams of auxiliary operating 
practise, which the author has presented, it will be quite ap- 
parent that there has been an endeavor by the use of non- 
electric apparatus in one case and electrically driven auxiliaries 
in the other, to change what would be the logical selection of 
auxiliaries so that it would have a tendency in one case to 
elevate abnormally the production of electrical energy for the 
sake of getting a larger output over which to distribute unit 
charges and fixed costs, and to depress them uneconomically 
in the other case. 

S. N. Clarkson (by letter): Mr. Moses has presented a most 
interesting and instructive paper on a subject which has become 
an issue in most of our large cities. The statistics quoted would 
indicate that conditions in New York are quite different from 
those existing in some other cities—St. Louis, for instance. 

Private plants in St. Louis get the benefit of soft 10,000-B.t.u. 
coal at $1.40 per ton on the cars, but they have to compete with 
central station rates, which are lower than in New York. Under 
these conditions the private plant is making but little headway 
and those which are already in are gradually being replaced by 
outside service. To make my statement more specific, I will 
quote the figures which are now available for the year 1911, on 
plants of 50 h.p. capacity and over. During that period 24 
isolated plants aggregating 5285 engine h.p. were converted to 
central station service and six plants aggregating 585 engine 
h.p. were put in. Out of the 585 h.p. installed, 265 h.p. went 
into one laundry. ; 

Directors of commercial enterprises are beginning to realize 
that they are justified in giving the power companies an apparent 
bonus over and above their own plant costs because the sim- 
plicity, continuity of service and freedom from the effects of 
miners’ and engineers’ strikes are worth money to them, and 
then again there are many items of plant expense, especially in 
a factory, which cannot be separated from the general expense 
accounts. 

The most representative apartment houses, hotels, office 
buildings, department stores, metal working factories, electro- 
typers, chemical works, bakeries, paint manufacturers, stone 
and marble works, clothing, coffee and spice houses, some 
branches of wood working, printers and many other industries 
are buying light, power and in some cases heat from the St. 
Louis public utility companies. It will be noted that in this list 
are some lines of business which are considered by many en- 
gineers to be the exclusive domain of the isolated plant. 

It is true, as stated in the paper, that most stationary engineers 
believe central stations to be their natural enemy, although if 
they looked at the matter in a broad light all their fears would 
vanish. Cheap power promotes manufacturing in any locality 
and no men are better able to apply themselves in factories than 
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the trained stationary engineers. All negotiations, however, 
concerning a plant, are naturally conducted with the owners or 
managers, and as a class they will always be found ready and 
willing to furnish whatever data are necessary to arrive at a true 
comparison of the costs of operation. As intimated by Mr. 
Moses, the public utility companies do not accept unprofitable 
business, it being generally conceded that the day of the com- 
mercial philanthropist is yet to come. 

The design of an economical power plant for a factory is 
difficult for the reason that a single unit is in almost every case 
insisted upon by the owner and then it must be of sufficient 
capacity to take care of a large growth in business, which is 
always hoped for, but sometimes does not materialize until the 
plant is worn out. In addition to the burden of inefficient 
operation the plant has to carry high fixed charges in proportion 
to the actual power demands of the factory. When such a plant 
is shut down and connection made to the power company’s lines, 
and this is no uncommon occurrence, the fixed charges still go 
on and are an unnecessary handicap as compared with a com- 
petitor’s factory in which central station service was installed 
originally. 

There is a growing tendency among consulting engineers to 
advise their clients to install outside service at the outset, while 
at the same time making provision for the installation of a 
private plant at the end of a year or more of operation in the 
event of central station service not being what was expected. 
It is fully realized that in actual practise most isolated plants 
become less efficient and more costly to operate as years go by, 
while the service of our public utilities is gradually becoming 
cheaper. The reasons for the increased costs of private plant 
operation, as time goes on, are not far to seek. First, the plant 
is given but secondary consideration at the hands of the manage- 
ment and is even looked upon as a necessary evil in some cases, 
and secondly, it is, in many cases, eventually left to the tender 
mercies of cheap, inexperienced help, even if a start has been 
made with a good man in charge. After a year or more of 
operation with outside service a business man will rarely install 
a plant, it being the consensus of opinion that the investment 
would earn larger dividends if put into the business. Further- 
more, with central station service, the manager is free to devote 
his entire time and attention to promoting the business and can 
rest assured that his power requirements are being taken care 
of by experts in production and supply of that commodity. Even 
if conditions should develop during the period of central station 
operation that make it desirable to install a plant later, the data 
collected during that period would permit of a much more 
economically designed plant than would have been possible if 
it had been installed in the first instance, and the owner would 
reap the benefit as long as the plant was left in. 

Internal combustion engines, which are recommended by 
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Mr. Moses for industrial plants having no steam requirements, 
have not given the expected satisfaction in any installation with 
which I am familiar in this country. The cost of fuel is assuredly 
low, but it is not sufficient to offset the low maintenance, sim- 
plicity and reliability inherent in central station service. Where 
attempts have been made to approach the conditions guaranteed 
by the public utility companies, the comparision is no longer 
favorable to this type of engine. 

The requirements of an office building or hotel can be so 
closely estimated and vary so little ‘from year to year that an 
economical isolated plant can be more readily designed in such 
instances than is the case in manufacturing establishments. 
In spite of this, however, some of the principal office buildings, 
hotels and department stores in St. Louis use central station 
service. One of the hotels, which has had central station service 
from the outset, has a connected load of 400 kw., and the power 
plant of one of the department stores, which later changed to 
central station service, consisted of one 250-kw. and three 200- 
kw. units. I should like to know how the cost of operating the 
building mentioned under the heading ‘‘ Effect of Interde- 
pendence on General Design,’’ would have been affected by the 
use of an electrically driven refrigerating and ice-making plant 
and a low-pressure boiler. There is no question but that the 
cooking can be done successfully with low-pressure steam, 15 Ib. 
or less, although this has been doubted in some quarters. From 
what I can gather of the conditions outlined, the building in 
question could be more economically operated in St. Louis by the 
aa: station than would be possible by running an isolated 
plant. 

A fact that is often lost sight of is that practically every city 
taxes the gross revenue of the public utility companies and as a 
result is enabled to keep the taxes much lower than would other- 
wise be possible. Other things being equal, every public- 
spirited citizen should award business to the central station for 
this reason, if for no other. 

Clarence P. Fowler (by letter): The general superiority of 
electrical energy for industrial lighting and power service over all 
other forms of illumination and mechanical transmission has 
been so thoroughly discussed as not to need further comment 
here. Having once settled upon the use of electrical energy for 
an industrial establishment, the first question for consideration 
is: Shall such electrical energy be of the ‘‘ home-made ”’ variety 
or shall it be furnished from the lines of a central station? In 
other words, is the existence of an isolated power plant for indus- 
trial uses justifiable, under average conditions, where efficient 
central station service is available? I am inclined to think that 
a careful consideration of all factors in most instances would 
point to a negative answer to this question. There exist several 
clear-cut advantages of central station service, which, it would 
seem, in the majority of cases entirely preclude the commercial 
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merely of the establishment of a private industrial power 
plant. 

So far as I am aware, previous discussion concerning this 
matter has related chiefly to the cost of manufacturing a kilowatt- 
hour with an isolated plant, as compared with the actual price 
per kilowatt-hour as charged by the central station. While in 
many instances even so incomplete and inequitable a comparison 
between isolated plant and central station service may favor the 
use of the latter, it would seem that in order to make a fair com- 
parison, additional advantages of central station service, which 
are frequently lost sight of, should have consideration. While 
some of these advantages of central station service to the power 
user are not always apparent and cannot always be exactly 
Sa in dollars and cents, they are, however, none the less 
real. 

Some of the advantages of central station service which may 
have considerable monetary value and which may, therefore, 
be properly regarded as effective in reducing the actual charge 
made for such service, may be briefly summarized as follows: 

The modern progressive central station sells more to its cus- 
tomers than raw material, mere kilowatt-hours. In the purchase 
price of energy is included the finished product, efficient illum- 
ination and power service. In other words, the service of the 
up-to-date central station with its corps of trained specialists 
does not stop at the consumer’s meter, but extends beyond to the 
customer’s side. The central station of to-day solves the cus- 
tomer’s illumination problems in the most efficient way and fur- 
nishes advice, gratis, as to the most advantageous methods of 
grouping his shop equipment and motor applications. The in- 
telligent solution of these and other industrial problems is now 
well recognized as an important factor in accomplishment of the 
maximum output of labor and equipment at a minimum of 
operating expense. As the specialized knowledge necessary to 
render such advice is not possessed by the average industrial 
plant manager or superintendent, it is evident that if he would 
arrange his plant for the greatest operating efficiency it would 
cost him a certain amount for the engineering supervision, 
advice, etc., necessary to bring about such an arrangement, 
under isolated plant conditions. 

Industrial corporations are primarily interested in the manu- 
facture and sale of some particular product of a certain quality, 
at a minimum of cost, and with such corporations the question 
of power is merely incidental and more or less of a side issue and 
it is only natural to expect that the most satisfactory solution of 
power and lighting problems can best be left to the management 
of the central station, which makes a specialty of the manu- 
facture, application and sale of electrical energy, in the same way 
that industrial corporations are specialists in the manufacture, 
uses and sale of their respective products. By the adoption of 
central station service, therefore, all the advantages of specia'1- 
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zation are preserved on both sides. The lack of this specialized 
knowledge, necessary for the most efficient operation of isolated 
plants, is strikingly brought to the front by Mr. Moses in his 
reference to the unsatisfactory operating conditions he has 
found prevalent in such plants. Taking only one of the different 
items which he mentions in this connection, namely, the wide 
range of practise which he finds in a matter so important as the 
purchase of coal, it is but typical of the usual leaks and lack of 
efficient management and system in the operation of isolated 
power plants. To properly systematize and continually super- 
vise the operating methods of isolated plants may cost an 
amount which would be considerably more than the value of the 
economies secured thereby, in the case of small isolated plants, 
and may also amount to no inconsiderable sum in the case of 
larger plants. These added costs, should, of course, be charged 
against the cost of power production on the premises. 

In passing, it should be noted that the use of central station 
service also permits the executive heads of industrial corpora- 
tions to be relieved of the effort and annoyance of supervising 
the operation of a private power plant. The time and attention 
that managers of industrial plants would find it necessary to 
devote to the production of ‘“‘ home-made” energy could, when 
purchasing central station service, be given over, with better 
results, to concentrating their energies on increased sales, 
cheaper production or increased output. 

Another point which may frequently favor the use of purchased 
energy, particularly in the establishing of new industrial enter- 
prises, a point which I believe central station sales policies have 
not brought sufficiently to the fore, relates to the advantages 
to be secured to owners of an industrial undertaking by the 
investment of an amount that otherwise would be required for 
the construction and equipment of an isolated power plant in 
manufacturing plant proper, thereby increasing the output by 
obtaining a maximum of productive equipment for a given ex- 
penditure of capital. A notable example of this came to my 
attention not so long ago. The plant in question was a textile 
mill and had available for its construction a certain definite 
sum of money, 124 per cent of which would have been necessary 
for the establishment of its own power plant. After carefully 
considering the power question it was decided to purchase energy 
of the central station, with the result that the annual output was 
increased by nearly 15 per cent through the investment in 
productive manufacturing plant of an amount equivalent to 
that which would have been required for the construction of an 
isolated power plant. 

In order roughly to estimate what advantages might have 
resulted, under average conditions, if central station energy had 
been adopted instead of isolated plants and if the construction 
cost of the latter had been invested in productive manufacturing 
plant, in the case of eleven selected industries in the United 
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States, the following table has been prepared. The figures given 
in this tabulation are for the year 1905 and are either directly 
taken or estimated from a combination of statistics found in 
Bulletins Nos. 57 and 88 of the U. S. Bureau of Census, relating 
respectively to manufactures and to power employed in the same. 
Referring to this table, the figures given in columns A to E 
inclusive are taken directly from the Government records, just 
referred to, while the values in columns F to N inclusive are 
estimated, from figures given in columns A to E inclusive, in: 
the following manner: column F gives the estimated amount 
of capital at present invested in isolated power plants, for the 
industries represented, and in order to be conservative was 
figured at the average cost of $65 per rated horse power employed, 
as found in column D. This figure is considered fair in view of 
the mixed character of the motive power used. Having ascer- 
tained the estimated capital invested in isolated plants, the 
estimated capital employed in productive manufacturing plant 
exclusive of power plant is given in column G, and is obtained 
by deducting the former quantity given in column F from the 
total invested capital as found in column C. Column H gives 
the net estimated return on capital invested in manufacturing 
plant, exclusive of isolated power plant, and is derived from the 
total value of products, and operating expenses, as given in the 
census bulletins previously referred to, an allowance being made 
for depreciation in each case. By dividing the total of the pro- 
ducts given in column B by the number of thousands of dollars 
of capital invested in productive manufacturing plant proper 
as given in column G, the figures in column J are derived, which 
show the estimated value of products for each $1,000 invested 
in productive manufacturing plant proper. By considering the 
amounts in column F (representing isolated plant construction 
costs) as invested in productive manufacturing plant proper, 
and applying the unit figures given in column J, the various 
estimated increases in the value of products, as given in column 
J, are obtained. Column K contains the values given in column 
J expressed as percentages of the total value of products given 
in column B. By applying the percentages of net return on 
capital invested in productive manufacturing plant, as given in 
column H, to the estimated amounts invested in isolated power 
plants as given in column F, the net return on such, if employed 
in productive manufacturing, is ascertained, and is given in 
column L. Column M gives the estimated number of horse 
power that may be considered as continuously active throughout 
a year of 8760 hours. Finally, column N gives the estimated 
maximum average increase in price for each used horse power 
per year that various industries could afford to pay for purchased 
energy above the cost of isolated plant service, before exceeding 
the profit that would result from investing isolated power plant 
construction costs in productive manufacturing plant proper. 
So much for the compilation and derivation of the figures used. 
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Upon glancing through the table some interesting points develop. 
It will be noted from column D that by far the most important 
industry of those considered, in the matter of aggregate rated 
horse power, is the iron and steel industry, and that this same 
industry is second in rated horse power per $1,000 of products, 
while the greatest such unit recorded is that for the paper and 
wood pulp industry, with nearly six horse power per $1,000. of 
products, the silk industry being the lowest in this respect, with 
hardly more than one-half horse power per $1,000 of products. 
The final values given in column N, showing the estimated 
average margin that industrial plants of various types may allow 
between the cost of ‘‘ home-made ” and purchased energy, may 
at first sight seem to show rather erratic tendencies in the wide 
numerical range scheduled, but when it is remembered that these 
figures are susceptible to a number of modifying factors, peculiar 
to each industry, the seeming discrepancy is explained. For 
example, let us consider the two extremes shown in column NV, 
the cotton goods industry, with the lowest margin of $8 per used 
horse power per year, and the lumber and timber products 
industry, which shows the greatest margin of $93 per used horse- 
power per year. Considering the former, it will be seen from the 
table that the cotton goods industry shows the least net return 
on the invested capital and this, coupled with the fact that the 
rated horse power requirements of this industry are not very 
large, results in a low earning power of isolated plant cost when 
invested in productive manufacturing plant. Reviewing the 
conditions responsible for the abnormally high figure of $93 
margin in the case of lumber and timber products, from an in- 
spection of the table it will be clear that while the rated horse- 
power requirement per $1,000 of products is practically the same 
for this industry as the figure for the cotton goods industry, the 
chief reason for the large margin in the former is found in the 
large net return on investment in productive manufacturing 
plant, coupled with the relatively small continuous use of rated 
horse power employed. In the iron and steel industry, while the 
rated horse power per $1,000 of products is second in order of 
importance, the low net return on the invested capital militates 
against a greater margin between the cost of purchased and 
“home-made ”’ energy, the actual figure being $18 per used 
horse power per year, as given in column JN, and while this figure 
is of substantial proportions it is noteworthy that it is next to 
the lowest in the list of industries considered. It is further 
notable that even the minimum figure given in column W is 
quite material and, while only averages are dealt with, the results 
arrived at in the table are strongly indicative of the importance, 
to those laying out new industrial undertakings, of carefully 
considering the imminent possibilities of increased outputs and 
resulting profits to be had through the investment of all available 
funds in productive manufacturing plant, made possible by the 
purchase of all electrical energy required from an outside cen- 
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tralized source, with an organization capable of intelligently 
handling energy supply problems with a maximum of advantage 
to the consumer. 

Surely the advantages of central station service as enumerated 
above may have a monetary value, which may be such as to 
often render the net cost of such service very low when all the 
factors are given due weight. It is therefore apparent that the 
mere gross price per kilowatt-hour charged by a central station 
may be of secondary importance and is not always the controlling 
element in making a comparison between ‘‘ home-made” and 
purchased energy. 

P. R. Moses: In reply to a criticism of the diagrams of 
practise, the diagrams speak for themselves. They were not 
intended to ‘“ determine relative proportions ” of “ apparatus.” 
They were designed as finger posts to point out the mutual 
dependence of the parts of the mechanical and electrical equip- 
ment of buildings and to show that with certain basic condi- 
tions, certain types of users and makers of steam and electricity 
would seem to be, prima facie, advisable. 

How can it be an open question, economically speaking, 
whether it is advisable to install steam-driven fans for indirect 
heating, when steam must be supplied for heating, in any event, 
and when it can be obtained from the exhaust of the engine 
driving the fan, thus doing two jobs instead of one? 

As to the statement “ that low efficiency and wasteful light- 
ing is regarded as an element which does not disturb the overall 
efficiency of the isolated plant ’—this is a fact which can hardly 
be visputed if the amount of steam at low temperature (215 
deg.-tan*. or less) required for heating, drying or evaporation 
processes,is more than the.amount which would be supplied by 
the wasteiul engines operating the isolated plant. If we have 
to fill aeristevoir from a water power at the rate of a thousand 
gallons 4¢minute, and we put a waterwheel in the flow, if we 
only need the power available from 500 gallons a minute there 
could be no gain by installing a high-efficiency waterwheel. 
The same thing holds true of isolated plants, and it is rather 
surprising to have this questioned. 

Curve 12 is typical of an office building with a restaurant and 
curve thirteen of an office building without a restaurant. This 
I believe was clearly shown in the original paper and the two 
curves were chosen particularly to show the effect of occupancy 
upon load. It is interesting to note that in the Trinity building 
the all-day load factor was only 37.6 per cent of the capacity 
of the sets under steam. It was to aid in avoiding such errors 
as this that the paper was presented, and it was hoped that 
other data of operation results would be presented showing 
average, maximum and night loads, which would aid future 
designers in planning their equipment to secure at least 75 
per cent load factor at all times for sets operating. The paper 
sets forth clearly the reason for not including elevator swings, 
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because in modern plants these swings should be taken care of 
by a storage battery unless they are of such minor importance 
as to be carried by overload capacity. The criticism of the log 
sheets is beside the mark, as the paper clearly states that they 
were inserted merely to show sample forms. 

Mr. Parker’s discussion brings forth several points of interest 
and his suggestion that the data on building heating be reduced 
to a formula is an excellent one. : 

I have found, however, from experience, that a comparison 
of buildings similar in size, character, occupancy and location 
is more useful than attempting to derive the cost from a formula. ’ 
One building may have textile manufacturing requiring little 
heat and another a series of studios requiring a lot of heat, 
one may be open twenty-four hours a day and another nine. 
Formulas could be derived to cover all cases, but the comparative 
method seems easier. 

The discussion of installation costs per kilowatt capacity is 
based on an erroneous idea of the intent of thistable. The costs 
given were intended merely to aid designers in preliminary 
estimates of costs, hence the items of cost of building and stack 
did not enter. Frequently these items must be considered, 
usually as an increment to the general cost—that is, the stack 
would be required anyway, but may have to be larger. Engine 
and boiler rooms will be needed but might be less extensive 
without a plant than with one. This is by no means always true, 
but sometimes. 

The point about the reduced effect of marginal increase or 
decrease in production is well taken, and the facts stated have 
been strikingly borne out by the records of operating results in 
a number of plants where increased kilowatt-hour output resulted 
in a very much lower ratio of increase in fuel use. 

The interesting discussion of the comparative saving derived 
from the use of tungsten light on central station and isolated 
plant service shows a saving nine times as great when using 
central station service as when using isolated plant service. 

I cannot agree with Mr. Parker that this does not prove the 
corollary to be true, viz., that isolated plant service costs one- 
ninth as much as central station service under the conditions 
noted for all increments of load. That is, given a plant operating 
under stated conditions, additional load can be supplied at a 
comparatively slight increase in cost up to the limit of the 
plant capacity, because the increase in cost is confined to the 
costs of fuel and oil, and, even in these items, in a greatly de- 
creased ratio. 

The discussion by Mr. Martin requires no comment, except 
that it seems difficult to understand what repairs to heating 
system have to do with cost per kilowatt-hour. The item of 
depreciation seems confused with the item of repairs, otherwise 
it is hard to see how the neglect of the item of depreciation 
‘‘ well nigh resulted in the total shut-down of one of our largest 
office buildings.”’ 
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As to Mr. Nichols’ discussion, the statement in the original 
Paper is quite correct, that if electricity is made on the premises 
the exhaust steam available points to an exhaust steam operated 
refrigerating plant. Whenever electricity is made on the 
premises, exhaust steam will be available from steam-driven 
house, boiler and other pumps, besides those of the refrigerating 
plant; and where this exhaust is not sufficient and the refrigera- 
ting plant work, is a large proportion of the total work, it would 
probably pay to desigri one of the electric units to operate a 
sufficiently high back-pressure to do the required refrigerating 
work, because as long as all the temperature range and heat 
units are fully utilized it does not matter how much is used in 
making electricity and how much in refrigeration. The over-all 
efficiency will be a maximum. 

Referring to one criticism, the emphasis was laid on compact- 
ness and simplicity in connection with the discussion of the 
design, and the original paper clearly points to the fact that the 
chief advantage gained by these two qualities is reliability. 

The criticism is made that “ while the figures are represented, 
from the heading under which they appear, as being fuel and 
labor costs for heating, they actually cover, in at least fifty 
per cent of the cases cited, by the author’s own admission, the 
cost of producing steam for other purposes than heating the 
building.” The author clearly stated that these costs included 
steam for other purposes, and his intention was to present facts 
and figures representing actual conditions which could be com- 
pared with actual conditions in other installations. 

Manufacturing buildings frequently—one might almost say 
generally—need steam for manufacturing. Of what use for 
comparison or estimate is a cost of heating only? The whole 
basic condition is changed at once and for intelligent estimate 
another building containing similar basic conditions must be 
used. 

Mr. John W. Lieb, Jr., brings out a point of interest in a 
clear and direct manner. He considers that the author’s practise, 
as described in the paper, of using steam pumps, etc., in build- 
ings where electricity is purchased, is not logical or justifiable. 

The reason for the use of steam pumps, etc., is that in all the 
buildings where they are used there is a certain minimum amount 
of steam required all the year for hot-water heating, dryers 
and in some cases for refrigeration. The steam can be most 
efficiently supplied by first using it for pumping and it is for 
this reason that steam pumps and steam-driven ventilating 
fans are employed. Boilers, it is true, must be operated at 
somewhat higher pressure than for heating purposes only, but 
it will be found that where an attempt is made to operate one 
boiler for heating a building, heating water, laundry dryers and 
other low-temperature work, the result is invariably unsatis- 
factory because not only are different initial pressures required 
for these different purposes, but, what is of greater moment, the 
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terminal pressures at the outlets of the various steam-using 
parts of the plant are unequal, and all kinds of troubles result 
from the backing up of one set of returns into another. 

Mr. Clarkson’s discussion touches on one evil in isolated 
plant design—the installation of engines, etc., far too large for 
their work, ‘to take care of future possibilities.” How much 
better to plan to care for the immediate future with a reasonable 
allowance for future expansion and leave space for additional 
apparatus as the demand increases. His note of the tendency 
of consulting engineers to plan for possible future installation 
of a plant isinteresting. Frequently this is the best plan to adopt, 
particularly in city buildings, if the renting and character of 
tenancy is not assured. If space is provided and if such apparatus 
and piping as is installed is planned with a future plant in view 
the present omission is often the most advisable course to adopt. 

I cannot agree with Mr. Clarkson as to internal combustion 
engines. Their performance when correctly designed and 
installed is remarkably good. They not only give excellent 
results under test—134 lb. of coal per kw-hr. is not unusual with 
engines of less than 300 h.p—but what is far more important, 
their average operating record varies but little from their test 
performance. My confidence in their performance was such as 
to justify a recommendation of the installation of three 200-kw. 
producer gas engine driven dynamos in far-off Porto Rico, 
where the ordinary labor is not our skilled type, and the results 
have justified fully the advice. 

The cost of operation of the building mentioned in the paper 
would have been seriously increased by the substitution of an 
electric-driven refrigerating plant and a low-pressure boiler for 
heating and cooking. The cost of electricity for the 15-ton 
refrigerating plant operating about 6500 hours a year would 
have amounted to over $4,000 a year, and the labor required 
would not have been decreased $500 a year and the fuel not 
over $1,500, so that the annual operating cost would have been 
increased $2,000 and the fuel cost would have been greater. 

Mr. Clarence P. Fowler’s discussion re-states many of the 
points first developed in Mr. Parker’s paper* before the A. I. E. E. 
on Industrial Power, and is an exceedingly able plea for the 
use of central station service. I do not feel that a discussion 
of the comparative merits of central station and isolated plant 
service is in order, and in fact this subject has been exhaustively 
treated heretofore. The suggestion that the user of electricity 
who is also the purchaser from the central station should leave 
his problems to the central station is interesting, as it reverses 
the tried adage of caveat emptor—“ let the buyer beware.” 

The lack of specialized knowledge in the design and operation 
of isolated plants is a great drawback and the fact that not a 
single figure or record of any value whatever has been added 
in the discussion of the paper indicates clearly the reason. 


* Comments on Fixed Costs in Industrial Power Plants, by John C. 
Parker, TRANSACTIONS A.I.E.E., 1911, XXX, I, p. 637. 
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_Engineers apparently have no data of operating results to 
give or else they regard them as knowledge which is so precious 
and so hard to gain as to be worthy of protection behind triple 
bars of steel. Why can we not have full discussion of operating 
results and presentation of the facts of isolated plant operating 
data on the heating of buildings? Hundreds of engineers through- 
ies ens country have these facts and yet they will not bring them 
orth. 

Why? Because they are afraid that, where not controlled by 
uniform Public Service regulations, their figures will be used 
and a price fixed by the central station companies below their 
cost and below the average cost of making and distributing the 
current. 

The supervising of private plants by the executive head of an 
industrial corporation mentioned in Mr. Fowler’s discussion is a 
bogie. The extra supervision involved because of the electric 
generating plant is not to be separated from the supervision of 
the heating, and a compressing plant. 

The really great argument in favor of central station service 
is ably developed by Mr. Fowler. It is the familiar cry of the 
old-time department store, ‘‘ Cash.’”’ Wellington in his classical 
book on ‘‘ The Location of Railways ”’ says, ‘‘ No expenditure, 
otherwise justifiable, is proper if it jeopardize the success of an 
enterprise as a whole.”’ So it is with the question of installing 
a private plant or constructing a building or any part of a sales 
process which can be done without. 

If the cash capital or credit is so limited that it will suffice only 
for a selling force then it is unwise to invest any capital in man- 
ufacturing. If the capital is sufficient to buy a manufacturing 
equipment but not a factory then it is unwise to erect a building 
—much better lease one until the enterprise is established. So, 
if a manufacturer has barely enough money and credit to 
allow him to complete his factory and start his selling then the 
best thing he can do is either to use the credit of the central 
station company, even if he pays excessive interest on the cost 
of the electric plant in the shape of excessive cost of current, 
or take the alternative which is now possible. He can pur- 
chase his power plant on the instalment plan, avoiding the 
necessity of taking the capital out of his business. 

When he buys a power plant on this basis, giving notes and 
mortgage on the plant as security, he only pays the legal rate 
of interest and can use his cash capital and his bank credit 
in his business. The whole argument that the power plant 
cost could be better used in the purchaser’s business is of no 
real substance. The interesting statistical table given by Mr. 
Fowler fails to be of value because its premise is unsound, that 
a purchaser must either take money out of his business or buy 
central station service. In fact, he frequently does neither. 

I have reserved my closure on Mr. Williams’ discussion of the 
paper to the last. Mr. Williams’ discussion should be carefully 
considered. The admitted figures of one of the buildings on 
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Fifth Avenue, New York City, he states, show that “a gross 
annual saving of about $11,500 was effected,” of which the 
consulting engineer received one-third. The saving was $11,500 
out of a total cost of central station service of about $19,000 
for the original building and one afterward supplied from it, a 
saving of about 60 percent. The consulting engineer—I regret 
to make this statement but it is necessary for a clear understand- 
ing—only gets his one-third because he invested three-eighths 
of the cost of the installation. 

Tothe consumption of current in the original building was added 
that of the building afterward supplied from it, but this would 
not have effected a saving, as Mr. Williams puts it, of $3,000 a 
year. The saving, even under the inequitable rate-making 
method based on quantitative use alone, would have been only 
$1,500. En passant, the absurdity of such a basis for rate making 
may be noted, although not germane to the subject—here are 
two buildings with nothing changed except that there is one 
contract instead of two, and, presto! the cost drops $1,500 a year, 
or nearly 10 per cent. 

The plant did not cost $30,000, as Mr. Williams stated. It 
cost about $22,000, including all changes, installation of a 
storage battery, water weigher, CO» recorder, etc., so even allow- 
ing 15 per cent the difference is not ‘‘ automatically and immed- 
iately wiped out.” 

Mr. Williams then makes the surprising statement that the 
whole investment in plant should be wiped out “ the first 
year ”’ and he adds that he does not think this premise can be 
fairly questioned—nor do I. The assumption is really too 
startling and its best answer is its own re-statement. However, 
the plant is still running and earning 60 per cent and will probably 
do better next year. 


Mr. Williams next refers to the Equitable fire and forgot 


to mention that the supposed cause of the fire was the lighting 
of the gas, because the private plant was not being operated in 
the early morning, and the lighting supply was being obtained 
from a central station. 

The criticism with which Mr. Williams closes his discussion— 
the reference to the omission of costs of excavation, etc.—is 
sometimes, but not often, well founded. Usually, space is left 
in a well-designed building for possible installation of a private 
power plant or other machinery impossible to foresee at the time 
of erection, and the installation of the engine and dynamos does 
not involve additional expense, hence it should not be charged to 
the private plant. In other cases this is not true, and in such 
instances—as where a vault has been especially opened under 
a sidewalk—the whole cost should be, and usually is, charged. 

I cannot follow the example of the twelve-story and the eighteen- 
story building, but I do know of one twelve-story office building 
where an isolated plant reduced operating expenses nearly $4000 
a year and earned over 30 per cent on its cost. 


A paper presenied at the Pittsfield Section Meet- 
ing of the American Institute of Electrical 
Engineers, Pittsfield, Mass., January 18,1912. 


Copyright 1912. By A.1.E.E. 


CENTRAL STATION ELECTRIC POWER FOR 
RAILROAD OPERATION 


BY FREDERICK DARLINGTON 


Every engineering operation seeks to accomplish some practical 
result, which is measured by its financial worth or capacity to 
earn money by saving labor in doing something useful. There 
are no exceptions to this, but in railroad work, which is the 
subject of this paper, we often have to look further and deeper 
for the full measure of worth, than is usual in any other matters 
with which I am familiar. 

In the manufacture of cloth, for instance, the problem is 
simple, that is, make cloth of a desirable quality, at a minimum 
cost; likewise in making steel rails or bricks or paper, or any 
article of merchandise, there is a definite result to be attained 
and the final test of different methods is the cost and value of 
the product, which in such instances is readily determined. 
There is no such simple way to judge the merits of transportation 
work for it is far more complex than manufacturing or other 
lines of production. This is seen in the great diversity of rates 
and classifications under which railroad accommodations are 
sold. In freight business, for example, there are different rates 
for long hauls and for short hauls, for car loads and for part car 
loads and various classifications almost without limit. This 
diversity has not, as many people suppose, resulted primarily 
from a desire on the part of railroads to ‘‘ charge what the traffic 
will bear,” but rather from necessity caused by differences in 
transportation costs, combined with differences in the value of 
services rendered. It is not necessary to enlarge upon this, for 
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we all know it would be fatal to the interests of both buyers and 
sellers of transportation to attempt to make a uniform rate for 
all freight transportation on a ton-mile basis, or on a uniform 
basis of distance hauled, or on any direct measure of transporta- 
tion. An equitable rate for carrying a ton of wheat from Chicago 
to New York City has very little relation to an equitable rate 
for carrying a ton of wheat twenty miles from a farm to a grain 
elevator; likewise, there is very little relation between the 
cost per ton of transporting a carload of wheat and the cost ona 
single ton in a part carload lot, and short hauls and part car- 
load lots may be quite as important in the aggregate as long 
hauls. What I want to bring out is not the value of the work 
done by the railroads, immense and necessary as it is, but rather 
to point out the need for still more and different railroad facilities, 
and to show that the use of electric power from central station 
plants will benefit railroads and at the same time benefit all other 
operations requiring power. 

There is a wide field for improvement in railroad service 
that can be best accomplished with electric power, especially for 
local transportation. The statement has been made that the 
money expended in hauling freight by wagon to and from freight 
depots of one of the largest railroad systems in New. England, 
is greater than the gross receipts of the railroad from its 
freight business, and I am inclined to believe that this will 
apply to other American railroads. It is certain that the cost 
of hauling freight by wagon to and from railroads is a heavy part 
of freight transportation. Also in passenger service the collec- 
tion and distribution of passengers to and from railroad depots 
is a matter of large cost and has an important bearing on travel. 
This is evidenced by the work of electric interurban trolley roads, 
the favorite field of which is in the territory tributary to steam 
railroads, where they have in many places greatly facilitated 
the local collection and distribution of traffic. I will not enlarge 
upon this for it is well understood. 

In comparing steam and electric power for railroads, the 
comparison should not be based on the relative cost of operating 
certain trains by steam and by electric motive power, but the 
comparison should be made between the best use of steam power 
considering the cost and value of the service rendered, compared 
with the best use of electric power, considering the cost and value 
of electric service. It follows from the wide difference in the 
nature of the two kinds of power, that the train weights, schedules, 
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etc., and even the locations that are best for railroads employing 
steam power, will not always be best for electric power. 

So far as distribution of power is concerned, independent of 
whether it is for railroads or for other purposes, it is demonstrated 
that wherever a large number of small powers are to be supplied 
in a limited territory it is more economical to distribute it by 
electricity than by any other known method. An example is 
seen in the case of textile mills, where power from steam engines 
or waterpowers was formerly generated at each mill and con- 
veyed to various rooms and machines by series of shafts and 
belts. This plan has been widely superseded with electric drive 
whereby electricity is generated in a central plant supplying 
numerous mills and is used to operate motors for driving small 
groups of machines in each mill, or even for driving a separate 
motor for each machine. Likewise, in railroad work, electric 
motive power enables a profitable service to be rendered with 
greatly subdivided motive power suitable for light and frequent 
trains that, if operated by steam power, would be too costly to 
be profitable in such small units. So it has been in every field 
where electric power has been extensively applied. The most 
important result has not been a cheapening of work that was 
previously accomplished by other means, but more and better 
work has been accomplished, and so it will be with the use of 
electricity on railroads and this betterment will not be confined 
to railroading, because there is an interdependence in electric 
power operations, whereby any extension of electric lines and 
increased use of electric power for any purpose, leads to develop- 
ment of more and better electric power for all other purposes. 
How this must always result can be predicted by using a little 
justifiable imagination to clear the point of view of natural bias 
in favor of present conditions and methods that have gradually 
become unfavorable for present needs. 

Custom and habit often leads to the continued use of apparatus 
and methods for work that could be better met by new means. 
To appreciate this, imagine that a wholly new country, that is 
destined by natural resources to become rich and prosperous, is 
to be opened up, settled and developed, and that some empire 
builder with a master hand and complete foresight could furnish 
the transportation and power facilities of the country. By 
means of electricity and the railroads, he could direct the develop- 
ment of the country. First of all, by building railroads with 
electric motive power, he would at once provide the means of 
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transportation that is always adopted where the population is 
sufficiently dense. Following such lines of convenient trans- 
portation and power, population centers and settlements will 
naturally locate on the railroads with transmission lines along 
the roads; these various centers are tied together, forming the 
most efficient power system. Ifa country is to have a density of 
population and prosperity that would pay for transportation by 
electric roads, then the railroads should unquestionably be 
provided with transmission lines connecting the cities and these 
same transmission lines carrying electric power along the 
railroads, make the most economical means for distributing 
power for every purpose, and all the street cars, house lighting 
circuits, shops and factories along the railroad would naturally 
derive their power from these lines, and towns and manu- 
facturing centers are always attracted by convenient power, 
as well as by good transportation conveniences. Then again, 
a diversified and extended use of electric power within any 
area increases the size of the power plants employed therein 
and accordingly reduces the cost of each unit of power generated. 

A manager acting for a central power plant desiring to sell 
power to a city electric railroad system, recently put the matter 
as follows: To the banker president of the railroad, who has a 
reputation of being difficult to convince in any such matters as 
sacrificing or setting aside part of his property, the manager 
said ‘‘ Do you want to make a dollar?’’ To which, after the way 
of bankers, he answered, ‘‘ Yes.’’ Then the manager asked him 
if he ‘‘ would share the dollar with someone else who helped 
make it,’’ to which he answered, “ yes, if he could not make it all 
himself.’’ Then said the manager, ‘‘ I will sell you power for 
your railroad at less than it costs you to make it, and even 
so, I can make a profit on it, for you are making it in 
2000-kw. units and I am making it in 6000-kw. units, and, 
therefore, at less cost than you are; but besides making it 
in larger quantities than you are, I am serving a great variety 
of companies and secure a more even and steady load than you 
do, since you are making power for only one kind of service, 
namely, to operate an electric railroad; but in addition to these 


reasons, I want your business, because with your load added to. 


my present load I can generate power in 8000-kw. units, and 
still further reduce my kilowatt-hour cost.’ 

It is not a matter of opinion but of accomplishment that 
available central station power is a valuable asset to every 
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prosperous settlement, just as are railroads and telegraph and 
telephone systems. As -power machinery and methods of work 
that are not now adapted to the electric plant are becoming 
obsolete or wearing out they are being supplanted by electric 
machinery, and electricity is being installed in new works where 
foresight is exercised to realize the maximum benefit by centrali- 
zation and unification of power. 

Much that was sought by railroads long before electric motive 
power was available for their needs is now accomplished with 
electricity. Years ago Wellington in his standard book entitled 
“ Railroad Location ’’—a book by the way, that deserves a much 
more comprehensive title—pointed out that ‘‘In the sale of 
transportation, the price that the consumer is able and willing 
to pay is greatly affected by trifling differences of convenience.”’ 
He emphasizes the importance of convenient local transportation 
facilities and says that ‘‘ The loss to the railroad due to not 
supplying the best facilities might be borne if it meant simply a 
reduction of transportation tax upon the traveler or the shipper 
of freight,’”’ (in other words, less money paid to the railroad,) but 
he asks, “‘ How stands it with the traveler or shipper? They 
save indeed the two or three cents per mile, which the railway 
loses, but they have to pay the entire cost of cartage on their 
freight and pay for their own conveyance besides suffering the 
annoyance and inconvenience, which they estimate at a good 
round sum.’’ He says, ‘‘ From poor transportation facilities, the 
loss is threefold: The cost to the public is greater. The receipts 
to the railroad are less. The traffic is decreased in volume.” 
To quote still from Wellington, ‘‘ This means from the point of 
view of political economy, and as a plain statement of fact, which 
would appear in census statistics, that the capital of the country 
and the world is less than it otherwise would be.” 

We can now add to Wellington’s list of losses and state that 
poor transportation when resulting from failure of railroads to 
employ electric power under conditions favorable to its use 
will cause a fourfold loss, including the three losses enumerated 
and adding a fourth, represented by the added cost of power 
both for railroad working and for industrial uses, and in the 
fourth instance, as in the three enumerated by Wellington, this 
means from the point of view of political economy, a loss to all— 
to the railroads and to the public alike. 

While it has been one of the works of electric railroads to 
produce added values with better transportation facilities, it 
is not my intention to reiterate arguments for better local service 
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with electric power as a means of increasing values. It is 
rather the purpose to accept the evidence of interurban railroads 
that electric power is advantageous for light and frequent train 
service, and from this premise to examine the conditions for its 
further application. 

The general statements thus far made concerning central power 
supply and railroad operation are all capable of verification by 
examining specific conditions, but, as I indicated at the com- 
mencement of this paper, a complete analysis to apply to all 
conditions is most complex. It will be possible for me to give 
here only a few results based on actual operations which may 
be%used. by those interested as a basis to compute what economy 
centralization and unification of power supply will secure at 
other places. 

The figures given below are for the cost of producing electric 
power in steam plants carrying railroad loads under conditions 
that are widely prevailing in the United States. These figures 
are not exact costs taken from any particular power plant, but 
are average costs worked out from actual results in several 
steam plants on heavy railroad and other work, so shown as to 
permit easy analysis for varying conditions of load and for 
different fuel costs, etc. 


Total cost | Cost per year per kw. | Per kw-hr. 
per year of plant capacity 
Onerating lahboruaccen aceites ear wees $52,500 $2.10 0.100 
Operating materials (exclusive of fuel) 15,000 | 0.60 0.025 
Labor for maintenance of plant...... 15,000 0.60 0.025 
Material for maintenance of plant...... 17,500 0.70 0.030 
Total cost of power plant, operation and 
maintenance, exclusive of coal per yr..| $100,000 $4.00 0.180 
Add the cost of coal at $1 per ton for 
coal of 13,500 B.t.u. per pound...... 82,500 3.30 0.15 
Note:—The fuel cost will increase as the 
cost per ton increases or the quality 
falla OFF. > co 3 awe Arend Mac eat oe 
Other expenses pertaining to power plant 
operation, such as administration, legal 
and general expenses................ 10,500 | 0.42 0.02 
$193,000 $7.72 0.35 
Add for fixed charges on the cost of 
POW OL DIANE inc ve, vcr hee eomencare 225,000 9.00 0.41 
. a ts Ri i bd a cS) 
Total cost of power per yr. with coal at 
$1 per ton and a load factor 25 per 
CONT renege re lens, eiette aie ae tee eRe eee $418,000 $16.72 0.76 
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The figures given are the cost, including fixed charges, of 
producing power in a 25,000-kw. steam-turbine plant, containing 
five main units of 5000-kw. nominal capacity each, but capable 
of carrying 50 per cent overload or more in emergencies. 

The yearly production of power is assumed at 55,000,000 kw- 
hr. or a load factor of 25 per cent on a maximum load of 25,000 
kw., which is the total nominal capacity of the five generators. 
It is equivalent to an average operation of all of the generators 
for 2200 hours per year at their rated capacity. 

Such is the cost of electric power generation by steam for 
heavy railroad operation and general central station service. 

There are two factors in the foregoing costs which are liable 
to maximum variations, viz., the cost of fuel and the average 
load on the plant, or as it is called, the load factor. The assumed 
maximum load of 25,000 kw. could easily be carried on four 
ordinary 5000-kw. nominal capacity steam-turbine generators, and 
leave one spare unit in a five-unit station. At 25 per cent load 
factor as assumed above (25,000 kw. maximum load and 55,000,- 
000 kw-hr. per year), the result in thermal efficiency would be 
about 8.4 percent. It is difficult to determine from actual results 
just what the thermal efficiency would be at other load factors, 
but as it is sometimes necessary to know this as a basis for 
arriving at the fuel costs under varying load conditions, the 
following approximate figures are given for these variations. The 
coal is assumed to contain 13,500 B.t.u. per lb. 


Yearly load factor 
(ratio of maximum Average Thermal Cost of coal per kw-hr. 
load to average operation efficiency of at $1.00 per short ton 
output) per yr., hours plant 
10 per cent. 876 6.5 per cent. 0.20 cent 
20. 1752 he mn OnGe = 
D5 eel 2190 Se de a lame 0.15 
30\. 4 y 2628 9 ¥ “ 0.14 q 
40 * og 3500 On Se Fe 0.13 e 
Aen a 3940 LOS Oe 4 OF125: & 


It would be difficult to demonstrate in detail the economies 
that can be derived from combination of mixed power service 
from the above plant compared with power for only one industry 
like railroads, and an attempt at it would lead back to the same 
generalities that I have already stated, but analysis of the 


76 DARLINGTON: CENTRAL STATION POWER (Jan. 18 


schedules of costs and thermal efficiencies for a 25,000-kw. 
plant, working at 25 per cent load factor, proves the broad 
assertion that in power generation large stations carrying mixed 
loads afford the maximum economies. Take, for example, the 
cost of general expenses and of fixed charges and of power station 
labor and material, exclusive of coal. These things are little 
affected by the load factor, but even in so large a station as 
25,000 kw. they amount to $13.42 per kilowatt per year, out of 
a total cost of power of $16.72 per kilowatt per year, with good 
coal at $1.00 per ton, or $20.02 with coal at $2.00 per ton, etc. 
Furthermore, even the fuel cost per unit of power generated will 
ordinarily be less in mixed service plants than on plants for 
railroad work only, since the former generally work at better 
load factors than the latter. The better load factor comes from 
serving a diversity of operations. Also with more operations 
the plant will be larger, and for this reason, as well, it naturally 
has a better load factor and all unit costs are correspondingly 
less. 

There are other important advantages from centralization of 
power in large power plants, which will have important bearing 
on the future of central station business, for industrial and for 
railroad power. One of these has to do with obsolescence, and 
its importance in this connection does not always receive the 
attention that it deserves. Another is the utilization of off- 
peak or secondary power, which so far has been very little 
realized but which will increase in importance. 

Obsolescence has long been the bugbear of electric companies 
that are striving to earn dividends, and centralization of power 
seems to be their best means of salvation. We all know that elec- 
tric companies that were started fifteen or more years ago, whether 
they were for lighting or for railroads, or for whatever purpose, 
have found a large part of the cost of conducting their business 
has been due to the failure of apparatus to meet growing demands, 
not so much because it was worn out as because it became obso- 
lete, when increasing business required larger powers and im- 
proved machinery. 

Good serviceable power plants became obsolete because they 
could not do the increasing work of later years, and were dis- 
carded because the use of power increased. Centralized power 
plants meet changing conditions because they are built for 
larger service and constructed on a unit plan that can be eco- 
nomically extended to meet growing demands. 
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The utilization of off-peak power will be promoted by the 
concentration at central points of large amounts of off-peak 
power, which can be more readily utilized as second-class power 
than the same amount of off-peak power if scattered through a 
number of small generating plants. 

There are several very promising methods in prospect for 
utilizing off-peak or secondary power when it is concentrated in 
large blocks, but it is not within the scope of this paper to go 
into a discussion of them. 

Next, turn to the power transmission side of the problem. In 
this the results in favor of large mixed operations are even more 
striking than in power generation. It is a difficult subject to 
generalize on, but briefly, suppose that a central plant is located 
at a favorable point at a coal mine or a water power, and it is 
desired to transmit power from the plant. It often pays to run 
100 miles of transmission line to pick up a large load, whereas 
for a small load the cost of 10 miles of transmission may easily be 
too great. It follows that if the aggregate amount of power 
surrounding the power center is not large, it will not pay to go 
far for it, and the economical distribution area may be restricted 
to a radius of 10 miles or less. But on the other hand, if the 
aggregate is large, long-distance transmission will pay and the 
combination of large amounts of power per mile of transmis- 
sion on long transmission lines, covering large areas, gives a big 
connected central station load. In this lies one of the great 
advantages in favor of including railroad roads on central 
plants, viz., where the amount of power and lighting scattered 
through a territory for manufacturing and similar purposes is 
not sufficient to make it economical to install electric trans- 
mission for this alone and where the railroad business is not 
sufficient to pay to transmit for railroad power alone, trans- 
mission for the combined loads will often be highly profitable. 

There is a well-known power transmission company that affords 
an excellent example of the advantage of combining as much power 
as possible in a given territory. Its business aggregates some- 
thing like 60,000 h.p., connected on several hundred miles of 
transmission lines, and the yearly cost of transmission, including 
all fixed charges and operation and maintenance of the trans- 
mission system, amounts to about $12.00 per h.p. per year, 
based’ on its peak load of 50,000 h.p.. Its load is industrial 
power and lighting with a few street railways. In the same 
territory there is a total consumption of power, exclusive of 
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steam railroads, of approximately 225,000 h.p. which, if all served 
from a single central power plant, would produce a maximum load 
of probably 150,000 to 175,000 h.p., but for various reasons, one 
of which is the use of exhaust steam for heating buildings, fac- 
tories, etc., the maximum load that it would be profitable to serve 
from the central plant would probably give peaks of only about 
100,000 to 120,000 h.p., exclusive of steam railroad operation. 
The yearly cost of power transmission, including all fixed charges 
on transmission lines, for serving 100,000 h.p. in this territory 
instead of 50,000 h.p. maximum as now served, is estimated at 
$730,000 total or $7 .30 per h.p. per year as compared with $12.00 
per h.p., which is the cost of power transmission and distribution 
for 50,000 h.p. only. 

An examination of the steam railroad traffic in the same terri- 
tory indicates that if all of the railroads used electric motive 
power exclusively, the railroad load would require a generating 
capacity of between 200,000 and 300,000 h.p., and if only the 
railroad lines carrying heavy traffic and frequent train service 
were electrified in the territory, the maximum load if served 
from a central station would be somewhere between 150,000 
and 200,000 h.p., and that the yearly load factor of this railroad 
load, including freight and switching and passenger service, 
would be between 40 and 50 per cent. It is clear that if this 
load were added to the industrial and lighting load, it would 
greatly facilitate and cheapen the unit cost of distributing 
power from the central station. 

In conclusion, I want to review briefly what the substitution 
of electric motive power for steam on existing railroads should 
include. It is not enough to say that it would require the 
construction of central station generating plants, of transmis- 
sion and distribution lines, generally following the railroads, and 
of electric locomotives to replace steam. These would all have 
to be provided, of course, but that is not nearly all that should 
be done. Unless we look beyond such facts we cannot even 
appreciate the problem before us, much less solve it. When the 
railroads are paralleled by transmission lines over which central 
stations supply electric power for their operations, then the 
country traversed by the railroads will be in electric power 
zones, where power for any purpose may be taken from the 
lines along each railroad right of way and these lines will con- 
nect large central stations togéther, so that transmission lines 
will network the country as railroads now do and will connect 
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important centers for power, as railroads do for transportation. 
Into this network of transmission circuits central electric plants 
will pump energy that can be drawn off in just the right amount 
to supply the needs of each point included in the network. 

When this is carried out, the distribution of power, which is 
the greatest problem in the way of almost universal use of 
central station electric power, will be overcome with the resulting 
economy in generation as well as in distribution, since the most 
economical conditions for both generation and distribution are 
where large amounts of power are supplied at the best load 
factor attainable, which results when the largest number of 
operations are supplied from a single system. Thus there are 
many places where railroad electrification will be profitable, as 
outlined, where it would not pay to build transmission lines for 
the railroad load alone or for the industrial power and lighting 
without the railroad load. 


A paper presented at the 268th meeting of the 
American Institute of Electrical Engineers, 
New York, February 9, 1912. 
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A METHOD OF STUDYING POWER COSTS WITH 
REFERENCE TO THE LOAD CURVE AND 
OVERLOAD ECONOMIES 


BY GEORGE I. RHODES 


_ A great many curves have been presented before the Institute 
showing the relation between load factor and the cost of power. 
Some of them were based on very simple relationships between 
the elements entering into the total cost, and others have been 
of a purely empirical nature based on actual results.. The inter- 
relation of the various items of power cost is necessarily very 
complicated and dependent to a large measure on the skill and 
judgment of the engineer in charge. Few plants have been 
operated at any considerable range of load factor under the same 
operating enginzer. It has been the privilege of the author to 
work up many of the curves presented to this Institute and he 
has been led to the belief that a more extended study of the 
subject is necessary in order to find the means of properly com- 
paring the costs of power in different plants operating under 
different management, load conditions, coal costs, labor’ costs, 
and other circumstances. 

By far the largest and most important item entering into the 
cost of power is that of fuel, which is determined by the cost of 
coal and the operating economies of the prime movers and the 
boilers. The type of load carried has a large influence on the 
thermal efficiency. A fluctuating load requires more coal than 
an equal steady load. A load extending throughout the day 
with large peaks morning and night, requires more fuel than a 
steady and uniform load lasting for a part of the day. 

In order to deduce operating economies from test results, 
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taking into account all of the items producing variation, a 
certain classification of losses, etc., is desirable. 


RELATION oF LoAD Factor TO OPERATING POWER CosTS 


In electrical apparatus the relation between input and output 
of energy is made up of three items: 

A. An input proportional *. the output, the ratio between which 
depends on the theoretical maximum efficiency of transformation. In 
electrical apparatus this efficiency is unity because there are no losses 
which are theoretically unavoidable. 

B. An input sufficient to supply all the no-load losses, namely, 
excitation, core loss, friction, windage, etc. ~ 

C. An input proportional to the square of the load which supplies 
the various load losses, resistance, magnetic, etc. 


In thermodynamic apparatus, however, this simple relation- 
ship between the input and the output has not been demon- 
strated as completely as is the cas2 in electrical energy trans- 
forming devices. It is probable that the closeness of such a 
relationship is by no means as exact. However, the general 
formation of the curves obtained from tests leads one to expect 
that such a correlation of the losses and the load does exist with 
a greater or less degree of approximation. It is not as easy to 
determine thermodynamic as electrical losses. 

However, the losses in heat engines may be classified as 
follows, similarly to the electrical classification: 


A. An input proportional to the load, the ratio depending on the 
maximum theoretical efficiency. 


In steam boilers this efficiency may closely approach unity, 
the only unavoidable source of loss being in the fact that the 
flue gas temperature must be at least equal-to that of the steam. 

In prime movers the maximum ideal efficiency is that of the 
Carnot cycle determined by the steam temperature and the 
vacuum. This efficiency can never be equalled in practise, but 
the losses over and above those necessary for this cycle can be 
taken care of as load losses. 

B. An input sufficient to cover all radiation, friction, windage and 
other no-load losses. 

These losses are sensibly constant at all loads and may thus 
be measured as no-load losses in either boiler or prime mover. 


The variation from constancy may be taken care of by the load 
losses. 


C. An input dependent upon the losses caused by the load. 


1912] RHODES: POWER COSTS 83 


In a boiler and furnace the load losses are practically all in 
the flue gases. As the load is increased it is necessary to pass 
more air through the fire, thus increasing the volume of the flue 
gases in proportion approximately equal to the increase in the 
load. The temperature of the flue gases is also increased above 
that of the steam in a similar proportion. It is thus evident that 
the volume and the temperature of gases each being increased 
approximately in direct proportion to the load, the losses thus 
occasioned are closely proportional to the square of the load. 
There are other load losses but they are relatively small. 

In a prime mover having a perfect cycle there is a certain 
amount of heat rejected to the condenser. It is probable that 
at no load, a slight additional load will be developed at an 
efficiency closely approximating the ideal. With increase in 
load the cycle departs more and more from this ideal, the in- 
creased loss per unit of input being somewhat in proportion to 
the load. Since there is an increased heat input proportional 
to the load, the total load losses will increase as the square of 
the load. 

There is no doubt but that this load-squared relationship is 
far less exact in thermodynamic than in electrical apparatus. 
Tests of heat apparatus are by no means as accurate or as con- 
sistent as those of electrical machines, because the conditions 
under which they are made are far less constant and controllable. 
Under normal operation these conditions are still more variable. 
It would thus appear that the assumption of the classification 
of input to steam apparatus on the basis outlined is warranted 
for purposes of studying the probable relationship of power 
cost and load. 

Thus if 


1 = the output of the apparatus 
= “ rating of the apparatus 
input proportional to the load 
= “ input independent of the load per unit rating 
= “ input proportional to the square of the load per 
unit rating 
“ total input 


Awa 
I 


= 
I 


ue =AI+BR+CR aa =AI+B RACE R 


If a subscript P indicates references to the prime mover 
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equipment, and a subscript B indicates reference to the boiler 
equipment, the input to the engine room of a single unit is 


2 
hp=Ap L+Bp Rp+ Cp d , (1) 


P 


At full load hp = Rp (Ap+Bp+Cp) = Rp Hp 
If the boiler room rating = r Rp Hp 


RELATION BETWEEN 

LOAD AND ENGINE ROOM EFFICIENCY 

OPERATED AS ONE UNIT 
A= NO LOAD OR CONSTANT LOSSES 
B = INPUT ABOVE A WITH CARNOT CYCLE 
C = INPUT ABOVE B WITH (LOAD)?LOSSES 
D = RATIO OF INPUT TO OUTPUT 
& = RATIO OF OUTPUT TO INPUT 


RATIO OF OUTPUT TO INPUT 


0 0.4 0.8 1.2 1.6 2.0 2 
LOAD RELATIVE TO RATING 


Fic. 1 


The input to the boiler room of a single unit is 


Seep 
i= Ae I,+B, Rpe+ Cs meer =A, Np+Byr Re Hp+Cz Sask (2) 


The constants of these equations may be determined from a 


study of the net heat energy required by the engine room and 
by the boiler room of any plant. 


? 
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As an illustration of the meaning of these equations Figs. 1 
and 2 will suffice. Fig. 1, curve C, is plotted for the case where 
Ap=3.30, B,=1.00, Cp=1.20. Curves are also shown which 
give the usual method of expressing the efficiency of the unit, 
in input per unit output (D) and its reciprocal (£). It will be 
noted that there is nothing unusual about these curves; in fact 
they are quite typical of what may be expected for a turbine 
room. There is a marked rise in heat consumption per unit 


3.6 
RELATION BETWEEN 
LOAD AND BOILER ROOM EFFICIENCY et 
! OPERATED AS ONE UNIT 
3.2 =NO LOAD OR CONSTANT LOSSES i} 
= INPUT ABOVE A WITH MAXIMUM EFFIC:PNCY 
=INPUT ABOVE B WITH (LOAD)? Losses 
=RATIO OF INPUT TO OUTPUT ae 
E= RATIO OF OUTPUT TO INPUT 
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output at light loads due to unavoidable no-load losses in the 
unit itself and in its auxiliaries. There is a similar but much 
less rapid increase at overloads, due to the load losses and the 
inability of the condenser to maintain its full vacuum. Fig. 2 
is plotted for the case where A;=1.09, B,=0.07, Ca=0.29. 
Here again the curves well represent the condition in a boiler 


room as normally operated ee 
To determine the combined efficiency of the plant it is neces- 
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sary to develop equation (2) so that its only variable is that of 
the load on the prime movers. This developed equation is of 
the form 


ly? 1° 


l 4 
he — Ko Rpt Ki lp+Ke R> +K3 Ry? +K, RS (3) 


With the engine room and boiler room of the constants given 
above, and the additional constant r=/, or the rating of the 


RELATION BETWEEN 
LOAD AND PLANT EFFICIENCY 
FULL LOAD ON BOILERS AT FULL LOAD 


ON PRIME MOVER 
32 |= OPERATED AS ONE UNIT 


A = NO LOAD OR CONSTANT LOSSES 


B INPUT WITH MAXIMUM POSSIBLE EFFICIENCY 

C= INPUT WITH LOAD LOSSES 
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E = RATIO OF OUTPUT TO INPUT 
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boiler room such that it will deliver its rated output for full 
load on the engine room, the combined efficiencies are as shown 
in Fig. 3. 

The equation becomes 


he = 1.55 Re-+3.95 p+2.01 —”- +0.42 *-+0.08 2 
B — . P . P . Rp . Ry? . R;? 


Here as before the curves are quite normal. 
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In any actual plant, however, the operation is not as one unit. 
There are about five units in a well designed plant and no more 
are operated than are necessary to carry the load economically. 
Fig. 4 shows the relation between load and efficiency of a turbine 
room of five units, each having the characteristics given above. 
It will be noted that there is a succession of curves each cor- 
responding to the number of units running. It is probable that 
at any time when less than the full equipment is running, certain 
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additional steam is being used for purposes of warming up units 
or turning them over for adjustment. A straight line extending 
from a point corresponding to the input of one unit at no load 
to another corresponding to all units at full load will probably 
give a close approximation to the actual amount of energy used. 


For this particular case the equation is 


hp = 0.2 Rp+5.3 I 
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The general equation is 
By Rp B 
b= Bat + [Ee | h 


It will be noted from the curves D and £, Fig. 4, that there is 
a very material saving due to having several units, each carrying 
its proper load. 
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In the boiler room the difficulty of starting up cold boilers 
practically necessitates keeping them under pressure and with 
banked fires in the furnace at times of light load. Accordingly 
the efficiency of the boiler room is not materially affected by the 
number of units and the equation (2) may be considered as 
applying in all cases. 

Substituting values from equation (4) into equation (2) will 


ge a eg A Ati A lt te 


1912] RHODES: POWER COSTS 89 


give the relation between load on the plant and boiler room 
input for a plant with several units. 
For the case used above, the equation becomes 


lL? 


R 


hy=0.62 Rp+5.90 1p +1.48 


This relationship is shown by curve A, Fig. 5. When the plant 
is overloaded the relationship is the same as for a plant of a 
single unit and is shown in curve Ay. The other curves represent 
the input when the losses at overload are proportional to the 

square, cube and fourth power of the load. 

In any plant the load varies both momentarily, due to 
fluctuations, and hourly, according to a more or less well 
defined load curve. On account of the curved line relationship 
between rate of input and load, the total input over any period 
will differ from the input corresponding to the average load over 
that period. 

‘If H=the total energy supplied 


‘r 
| a= { hy dt=Ko Ro rex { hei 
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K ob lee K K 
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lL dt =total output =average load into time. 


=L,7 where L,=average load. 


2 dt =the time integral of the square of the load. 
=D. T where L,s2=mean square of the load. 


T 
it dt =L,; T where L43=mean cube of the load. 
0 


{ I dt =L,,T where L,,=mean fourth power of the load. 
0 
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If all units are in kilowatts, kilowatt-hours and hours, H is 
in kilowatt-hours. 

In order properly to appreciate the meaning of this equation 
it is necessary to apply it to a particular case. For a normal 
load curve having an average load during the year of about 
40 per cent of the maximum hour, the mean square load=16 
(1.06)* per cent. 

For a 40-per cent steady load the heat input is 


hz=[0.63+ (5.90 X 0.4) + (1.49 X0.16)] Rp=3.23 Rp 
For a 40-per cent load curve as above 
hg=[0.63 + (5.90 X0.4) + (1.49 X0.16 X (1.06)*)] Rp=3.30 Rp 


The small difference observed here is due to the fact that there 
is but little curvature for loads below rating. With greater 
curvature the difference would be greater. 

In all of the above relationships input and output are expressed 
in the same unit, namely, kilowatts or kilowatt-hours. Coal 
is purchased by the ton in the great majority of plants, but the 
practice of purchase on the B.t.u. basis is becoming more and 
more prevalent. In the vicinity of New York, heat in the form 
of coal costs approximately 9,750,000 B.t.u. per dollar, which 
translated into kilowatt-hours is 0.350 mills per kw-hr. in the 
coal. Expressing coal costs in this manner allows the trans- 
formation of the above equations to dollars and cents. 

The division of the other items into classes, depending on 
different functions of the load, is far more difficult than that of 
coal. Here the skill and judgment of the operating engineer 
is the most important factor. However, it is certain that were 
the plant to be maintained at all times ready for instant service 
and yet deliver no energy, there would be a very considerable 
cost for labor and supplies to take care of the no-load losses, and 
of the maintenance for instant service. This cost corresponds 
to the no-load losses in the apparatus. It is similarly certain 
that the delivery of energy requires additional labor and supplies, 
in an amount measured by the energy delivered. If the plant 
is overloaded there are additional costs occasioned by the more 
careful supervision required by overloaded apparatus, and the 
maintenance costs, which in all apparatus increase at a rate 
faster than that of the coal. 

The determination of the proportions between these classes 
of costs is by no means a simple matter. Experience alone can 


1912} RHODES: POWER COSTS 91 


give such a determination, but the author{believes that a classi- 
fication based on the following outline will give a fair working 
basis for comparison. 

. Loaps BELow RatTING 


Coal. Proportioned as in equations (2) and (4). 

Lubrication, supplies, water. Proportioned as per steam for one 
unit (1). 

Coal and ash handling maintenance. Independent of load and rating. 

Coal and ash handling operation. Proportioned as per coal for one 
unit (2) and (1). 

Boiler room maintenance. Ditto. 

Boiler room operation. Ditto. 

Engine room maintenance. Proportioned as per steam for one unit (1). 

Engine room operation. Ditto. 

Electrical maintenance. Independent of load or rating. 

Electrical operation. Ditto. 


The following table is deduced from data given in ‘‘ Notes 
on the Cost of Power”’, H. G. Stott, Transactions A.I.E.E., Vol. 
XXVII, p. 283. The classification is made to correspond with 
that outlined above and the constants for the equations are 
given in mills per hour per kilowatt rating. In the division into 
classes it was assumed that the load factor was 50 per cent and 
that the shape of the curve was such that the mean square of the 
load was equal to the square of the mean load multiplied by 
(1.05)*, the mean cube equal to the cube of the mean multiplied 
by (1.05)*, etc. The usual types of load curves have similar 
constants or characteristics. 


OPERATION & MAINTENANCE COST OF POWER 
STEAM TURBINE PLANT. Loaps BELOW RATING 
Mitts PER Hour PER Kw. RatTING 


From Table 
Mills per Constants in Equations 
Item Kw.-hr. 
50 per cent. |—— ———_——- —— —_—. 
L. F. Ko Ky Ke Ks K,4 
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se Siete & > Opers ssc 0.170 0.031 | 0.080 | 0.040 | 0.009 | 0.001 
Boiler Room Maint........... 0.238 0.044 | 0.111 | 0.057 | 0.012 | 0.002 
es Mg Oper.. Re ae Pa 0.371 0.068 | 0.174 | 0.089 | 0.018 | 0.003 
Turbine Room Maint......... 0.028 OLO05AN 70026 |e OL OOG Ss re | Aieheets 
¢ CaO perians he wicteve 0.075 OVOLS | SOROS OTOLSY) eae leeraahe « 
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i OV Der eer eerie cis tn is <2 0.139 OBOT ON er secvecav dll Sars eaciechlleteleseroe, 4 | eeletS « 
Total, except coallj. 3... 0... «+3 1.191 0.290 | 0.465 | 0.223 | 0.039 | 0.006 
« with Ay poem ee ees < lS sag ts 0.507 | 2.530 | 0.744 ' 0.039 ! 0.006 


For Loaps ABOVE RATING 
0,543 | 1.381 | 0.704 | 0.147 | 0.028 
0.833 | 1.846 | 0.927 | 0.186 | 0.034 
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Fig. 6 shows graphically the relation between cost and load 
factor under ordinary conditions of load variation as well as for 
steady load equal to the average. It will be noted that the 
increase in cost caused by the varying load is not very large, 
being only about 2 per cent at 40 per cent load factor. In a 
plant having greater load losses this difference would be greater. 


EFFECT OF PooR ECONOMY AT OVERLOADS ON THE COST OF 
POWER 
In a plant whose rating is equal to the maximum hour, the 
operation and maintenance costs, exclusive of coal, are, in mills 
per hour (from above table) 


Lay 
Wy 


as a 


+0.006 


0.290 R+0.465 L,+0.223 +0.039 


It is probable that the items of coal and ash handling mainten- 
ance and electrical maintenance and operation would be un- 
affected by the size of the plant, provided it is to carry the same 
load. In all other items the effect of reduction in the size of 
the plant to carry any given load is taken care of by the increased 
steam and coal consumption. 

Thus M=the maximum hour load. 

The cost of operation and maintenance, exclusive of coal, 
per hour per kilowatt maximum hour becomes 


ML,2 
ee -} 


0.1 16+0.174 ©+0.465 L,+0.223 


Mt Pas ML, 


R3 


0.039 +0.006 


The cost of coal is 


0.217 +2. 065 L.+0.521 oo 


when underloaded 


and 


te Ma “La M®L,, 
R3 


when overloaded. 


oer Del 47 


+0.028 


0.543 e+ 1.381 L,+0.704 ——~— 


In any plant it would be possible to increase the maximum 
hour capacity by an expenditure per kilowatt much less than 
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the original cost of the plant. Conversely, if a plant is designed 
with smaller normal rating but with the same maximum hour 
capacity secured even by wasteful use of steam or fuel the cost 
per kilowatt maximum hour will be less than that of the first 
plant, but not in the same proportion as their relative ratings. 
Thus let it be assumed that a plant costs $80 per kilowatt of 
normal rating and that the overload capacity can be increased 
to any reasonable extent by a further expenditure of $40 per 


RELATION BETWEEN 
8 LOAD FACTOR AND OPERATING COST OF POW.ER 


FIVE UNIT STEAM TURBINE PLANT 
A= MILLS PER HOUR PER KW. RATING, STEADY LOAD 
A;=MILLS PER HOUR PER KW. RATING, LOAD CURVE 
J B= MILLS PER KW.-HR. STEADY LOAD 
B,= MILLS PER KW.-HR. LOAD CURVE 
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kilowatt. It would thus appear that the cost of such a plant 
per kilowatt maximum hour capacity would be 
R 
$40+$40 Vi 
If fixed charges are at 12 per cent per annum they will be at 
the rate of 
a R 


0.548 + 0.548 u 


mills per hour per maximum hour kilowatt. 
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If a study is made of any given load curve it is possible from 
the foregoing equations to determine the effect on the total cost 
of power, of reducing the nominal rating of the plant but with 
the same maximum hour capacity. If the rate of increase of 
load losses at overloads is given varying magnitudes, an idea 
may be gained ofthe extent to which poor economy at overloads 
may be carried and still reduce the total cost of power. To do 
this the various items of load losses may be combined into one, 
which may be taken as varying as the square, cube, or even 
fourth power of the load (See Fig. 5). 


ANALYSIS OF TYPICAL LOAD CURVE 
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It is evident that to make such an investigation a very com- 
plete analysis of the load needs to be made on the following basis: 


A =The hours per year that the load exceeds various amounts. 
B=The average load during all these periods. 

C=The average square of the load during these periods. 
D=The average cube of the load during these periods. 
E=The average fourth power of the load during these periods. 
Similarly the same information is needed covering the rest 


of the energy generated, that is, when the load is less than these 
various amounts taken for comparison. 
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During the periods when the load exceeds any amount the 
costs may be determined from the overload equation of the plant 
whose rating is that amount. During the other periods the 
underload equation for this same size plant will determine the 
costs. 

Fig. 7 shows what may be considered as a typical city load 
curve, the heavy lines showing the mean load, and the lighter 
lines the limits of fluctuation. If the abscissas of these curves 
are combined, as in curves C and D, the curve then represents 
the hours per day that the load exceeds the value of the ordinate 
at any point. The curve £ is the probable curve covering the 
entire year. It will be noted that such a curve takes into ac- 


ANALYSIS OF TYPICAL LOAD CURVE 
A = HOURS PER YEAR LOAD EXCEEDS ABSCISSA 
B= HOURS PER YEAR LOAD IS LESS THAN ABSCISSA. 
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count not only the hourly variations but also the momentary 
fluctuations. 

Fig. 8 shows the hours per year, corresponding to Fig. 7, that 
the load exceeds or is less than any given amount. Fig. 9 shows 
the time integrals of the load (kw-hr.), the square of the load, etc., 
for all loads exceeding various amounts. Fig. 10 gives this same 
information for the loads below these amounts. There is thus 
a complete analysis of a typical city load curve, which applied 
to equations developed above will make possible the determina- 
tion of the overload capacity corresponding to the minimum total 


cost of power. 
Figs. 2, 11 and 12, show in detail the cost of generating power 
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as per the load curve and operating and fixed costs given above. 
The solid lines represent the costs when overloads are secured 
without the use of inefficient means. However, to determine 
the effect of extra poor economy at overloads the dotted curves 
were compiled in which the costs of load losses etc., at over- 
load are proportioned to the square, the cube, and the fourth 
power of the load. 
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In all of the comparisons for these curves the overload costs 
have included not only that of fuel, but also that of labor and 
supplies. It is thus apparent that that portion of the cost of 
running the plant during times of overload has a tendency to be 
excessive, for it is byno means certain that the labor costs for 
operation and maintenance are increased at overloads in the 
same degree as that of coal. The curves in Figs. 10 to 12 are 
thus conservative. A glance at Figs. 13 and 14 will show the 
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enormous increase in power costs allowed in making the deter- 
mination for Figs. 10 to 12. 

In spite of very large costs at overload, it is seen (Figs. 11 and 
12) that there is actually a reduction in operating costs with a 
reduction in rating, due to the fact that the saving in no-load 
losses more than counterbalances the effect of the cost of over- 
load losses. With fourth power costs, this reduction continues 
to only about 85 per cent rating, but in other cases it continues 
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to even lower ratings. Where the saving in fixed charges is 
added, the resultant costs show reduction for ratings down to 
70 per cent, even with the worst possible case, while under the 
probable conditions the improvement continues down to 50 
per cent rating. It is quite striking that with a very wide range 
of poor economy at overload a very material reduction in total 
costs of power may be secured by running the plant at enormous 
overloads during the winter peak loads, the limit being only that 


of available apparatus. 


100 RHODES: POWER COSTS [Feb. 9 


At 60 per cent plant rating, the maximum load on the turbine 
room is about 170 per cent while that on the boiler room is 
about 200 per cent. In the turbine room these overloads are not 
possible at present but there should be no difficulty in securing 
them if poor economy is allowable. 

In order to insure against the possibility of one unit being out 
of service during the peak load at any time, the overload capacity 
of the prime movers should be sufficient to cover the additional 
load per unit occasioned by such failure. In the case studied for 
a five-unit plant rated at 60 per cent of maximum hour, the 
maximum capacity to cover this insurance should be 210 per cent 
of normal rating. In the boiler room the large number of units 
makes the additional capacity unnecessary. On account of the 
fact that this extra capacity for insurance purposes may never 
be called upon, the operating cost when it is used is of no im- 
portance whatever. 

In the boiler room it is possible even now to secure greater 
overloads than called for, even without material reduction in 
economy. Some gain in power cost may be made by reducing 
the boiler equipment, but only about one-half to two-thirds of 
that obtained by reducing the entire plant. 

To sum up the matter, it appears that under ordinary city 
load conditions, where the maximum loads appear only a few 
times a year, the power plant should be of such size that it will 
run at the maximum possible overload during these peaks, 
with sufficient margin for insurance, and that a large sacrifice 
in overload economy may be allowed if by so doffig this over- 
load capacity can be secured. 
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Discussion on “‘A MeEruop oF Stupyinc Power Costs 
WITH REFERENCE TO THE LOAD CURVE AND OVERLOAD 
Economigs.”’ (RHopES) New York, Fesruary 9, 1912. 


H. G. Stott: I think you will all agree with me that if Mr. 
Rhodes had not been a young man, he would not have tackled 
such a subject as this. In going through college we used to 
think if we had to tackle an equation with three variables in it, 
we were doing just about enough. In the problem before us 
there are eighteen variables and if he has arrived at a con- 
clusion we are to be congratulated, and he much more so. 

I will run over one or two of the items which enter into cost 
of power. The simplest part of it probably is the part related 
to investment, of which 12 per cent per annum must be charged 
against operation. Investment in a power plant is made up of 
three principal items: Real estate, buildings, and boilers and 
machinery. As an instance of the complication of this subject, 
I point to the item of real estate. In the average city, in the 
United States at all events, real estate, instead of depreciating, 
is appreciating; in some cities, possibly due to some local con- 
ditions, there is an actual depreciation, so here we have a positive 
or negative variation. 

The depreciation in the case of the building is very small, as 
an average, not more than one or two per cent at the most. 
Boilers and machinery, if properly kept up, have a very small 
_ rate of depreciation, but they have an enormously high rate of 
obsolescence, and that is determined by the ability and the 
energy of our inventors and manufacturers who are developing 
new apparatus. We do not know to-day whether or not there 
will be an announcement made to-morrow of improvement in 
machinery which will put the steam turbine out of business. 
Then the depreciation of the turbine will perhaps be at the rate 
of 25 per cent per annum, so that the number of variables 
entering into this, the simplest of all the unknown quantities, 
is appalling. The steam engine had just about reached its 
zenith in progress when the turbine appeared, and I think it is 
the opinion of engineers that the average life of a well built 
steam engine, ought to be twenty years. Now, at this time, 
steam engines which have been operated for over six years are 
considered obsolete. 

Now, coming to operation, it is even more complex. We find 
in the case of coal, the assumption is that the value of coal is 
proportional to the heat units contained in the coal. That is 
a good generalization, but it is not strictly true. There is a 
modification required in that statement, because the more ash 
you gei in the coal, the less possible it is to utilize all the heat 
units in it, so that there is a function in which ash enters to 
reduce the value of the heat unit. gece 

As to the labor, that is an item which is variable also in its 
efficiency, but it is practically in the hands of the management 
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of the plant to see that high efficiency is obtained, so that 
variable is not so difficult to calculate. In the case of water, 
that is usually not more than 10 per cent of the value of the coal, 
andfits cost is entirely dependent upon the fact of whether we 
use the water over again in the boilers, @& whether we do not,— 
whether we prefer to sacrifice it for other considerations. 

Supplies are a small item, and usually proportional to the 
rate at which the plant is run. In maintenance, under the head- 
ing of ‘labor,’ we have an item which is proportional, not so 
much to the rate at which the plant is run, as to the amount to 
which it is overloaded. Material will also vary, partially 
proportional to the kilowatt output, but more in proportion to 
the overload. 

In going over this paper, in regard to which I desire to express 
my admiration, it seems to me that there is one thing which we 
should ask of our Standards Committee, and that is to 
define what is ‘‘ rating.”’ The value of the paper depends to a 
great extent on what is meant by “ rating,” and I think it would 
be a very good thing if we could get the Standards Com- 
mittee to hold a conference on that subject. Rating, some time 
ago, in the days of the steam engine, used to be cons.dered the 
point of maximum efficiency of the unit, in other words, the 
point of lowest steam consumption. To-day rating is usually 
based upon the maximum safe load with the turbine unit, and 
has nothing whatever to do with the point of highest economy. 
This leaves a tremendous margin between these two limits, and . 
one which renders it almost impossible for us to interpret just 
what “ overload’”’ means. As a suggestion, I think if we go 
back to the old system, in which the engine was rated by calling 
the “‘ full load ”’ of the machine, the point at which it operates 
most efficiently, and calling everything beyond that point 
“overload capacity,’’ we will have something which will be a 
fixed and exact definition of the word “ rating.” 

On the first page of the paper Mr. Rhodes makes the following 
statement: ‘‘ By far the largest and most important item enter- 
ing into the cost of power is that of fuel.” Of course, from Mr. 
Rhodes’ point ot view, that applies strictly to the operating and 
maintenance charges, but, as a matter of fact, the most important 
item, with low load factor, is unquestionably the fixed charges, 
so that this paragraph or sentence is, in a sense, contrary to the 
whole sense of the paper—the principal object of Mr. Rhodes’ 
paper, as I conceive it, being to point out the necessity of keeping 
down the fixed charges, and how relatively unimportant the 
maintenance and operating charges are on overload. 

I think, perhaps, the whole paper might be summed up by 
saying that we have here a very earnest attempt to place upon 
a rational basis what has heretofore been purely an empirical 
study of the subject, and the actual value of the paper will have 
to be determined, I think, after it has been applied in a great 
many instances to see whether the assumptions, such as those 
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given at the beginning of the section on “ Relation of Load 
Factor to Operating Power Costs,” are justified and can be 
carried out fully. 

In neatly every case in the progress and development of the 
electrical art we have had first of all an empirical statement or 
formulas to express, as closely as possible, results which have been 
deduced from experiment and actual experience. Later on some 
one has analyzed these results, and found that some purely 
rational formulas or statement could be made which covered 
them more exactly, and then, after that is discovered, we find 
why the empirical statement is wrong, and this paper, I think, 
should be looked upon with a great deal of confidence as the first 
step in reducing what has been more or less an empirical state 
of the art to a rational one. 

Hartley LeH.Smith: Whenever anyoneattempts to use mathe- 
matics on subjects which ordinarily escape it I am always inter- 
ested and so I regard the paper of the evening as significant and 
important. It seems to me, however, that the mathematical 
methods used and the justification for them made in the text 
are in some respects awkward and inadequate. The author at 
considerable length discusses why it seems justifiable to assume 
that the input of steam apparatus is related mathematically 
to the eutput of the apparatus by an equation involving the 
square of the output—in other words that it is justifiable to 
assume that the input varies directly with the load and also in 
addition with the square of the load—and he uses as analogies 
the variations of the various losses of electrical apparatus where- 
by the input of such apparatus is related to the output, and while 
he takes pains to state that the variations in the losses of steam 
apparatus are not nearly so clearly defined nor so easily measured, 
there are certain courses of reasoning which lead up to the con- 
clusion that to no small extent a term involving the square of the 
output is a reasonable and proper one in attempting to relate 
mathematically the input of steam apparatus to its output. 
With some of the reasoning by which this is done I decidedly 
disagree, but aside from this I think that no attempt to put the 
presence of a term involving the square of the output of steam 
apparatus on a rational basis is necessary; it has its complete 
justification upon an empirical basis. This basis is as follows: 
Any expression relating mathematically the input of apparatus 
to its output will give by the simplest sort of transformation the 
efficiency of the apparatus, that is the output divided by the 
input. Now the graphical representation of the efficiencies of 
most sorts of power plant apparatus gives lines of very well 
known shape—they are low on light loads and rise, almost 
always at a decreasing rate, until the high efficiency at the most 
economical load is attained, and then fall off somewhat slowly 
and usually at an increasing rate as higher and higher overloads 
are reached. Now obviously a general mathematical expression 
relating the input of apparatus to its output must be chosen of 
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such form that when the simple transformation is made which 
gives the efficiency—the ratio of output to input—the shape of 
its locus or graph will be such as to conform to the facts, that is, 
the actual shape of the efficiency line of the apparatus in question. 
Now this fundamental consideration marks off very sharply the 
permissible choice of forms which the general mathematical 
expression may have. For instance, to illustrate very specific- 
ally, the equation representing the input of a steam turbine in 
terms of its output in the load range which can be handled by the 
ordinary governing mechanism, the range of load capable of 
being handled by the primary valve alone on Parsons type 
turbines, is a marvelously simple one, a straight line. Scarcely 
any other apparatus in a modern power plant has such a simple 
relation existing between its output and its input. A steam 
engine working with a throttling governor has such a relation, 
and it was the pointing out of this relation by Willans which 
established the expression “‘ Willans’ line law,” and it is a fact 
of exceeding interest that steam turbines obey this simple law 
within the range which I have mentioned. Now a most import- 
ant further fact is that transforming a straight line expression 
between input and output by the very simple manipulation 
which gives the efficiency, results in an equation which will not 
show a point of maximum efficiency beyond which the efficiency 
declines. Instead of this the efficiency rises continually, although 
at a decreasing rate, and this of course actually characterizes a 
steam turbine, the most efficient load being always that which 
it will carry just before the opening of the secondary valve. Now 
the efficiency lines of other apparatus in a power plant except 
steam turbines do rise to points of maximum efficiency and then 
fall off to lower efficiency values as overloads increase. Therefore, 
necessarily, straight lines cannot be used to represent the mathe- 
matical relations between output and input of the general 
apparatus in a power plant. Now so long as the general poly- 
nomial form of mathematical expression is adhered to, it follows 
that a term in x? (x representing the output) must be used and 
no other justification of any nature whatsoever is necessary for it. 
Thus if y represents the input and x represents the output of 
any power plant apparatus the straight line Willans’ law ex- 
pression is 
y=A+ Bx 


and the expression giving the efficiency of a machine obeying 
Willans’ law is 


x x 


yur GA 4Be 


Now this expression, irrespective of the values of A and B, will 
not rise to a maximum and then fall off—it approaches an asymp- 
tote which it would only reach at infinite load. In actual prac- 
tice with a steam turbine its nearest approach to this asymptote 
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is at the load just previous to the opening of the secondary 
valve, which changes entirely the efficiency characteristic of the 
machine and makes it a discontinuous function. An efficiency 
characteristic of apparatus working with a straight line relation 
between input and output is illustrated in Fig. 2, the straight 
line itself being shown in Fig. 1. The height of the asymptote 
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this efficiency can never be reached. On the other hand, when 
a term in x? is added in the equation between input and output, 
it becomes y = A + Bx + Cx* and the efficiency is obviously 
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ficiency characteristic is shown in Fig. 4, the line representing 
the input in terms of output involving this efficiency character- 
istic being shown in Fig.3. The efficiency characteristic shown in 
Fig. 4is thenormal efficiency characteristic of power plant appara- 
tus—engines with shaft governors or with corliss gear, boilers, 
centrifugal pumps, and so forth—the steam turbine operating 
within the range of its main valve constituting the sole exception. 
Obviously the use of a term in x? in relating input to output of 
apparatus needs no other justification than this: it is good and 


sufficient. 
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After this a matter most open to criticism comes up. The author 
of the paper, after writing down polynomials up to the square of 
the load in relating the input of prime movers to the output and 
also in relating the input of boilers to their output, then proceeds 
to combine them. The output of the boilers is of course the 
input to the prime movers. Although he does not say so he 
makes a straight substitution and multiplies through alge- 
braically, obtaining of course a polynomial extending up to the 
fourth power of the output of the prime movers, that is, the load. 
Now this I say is entirely illegitimate. It is perfectly good 
mathematics but very poor engineering. Such a polynomial 
represents no engineering reality whatever. No power plant 
apparatus individually or in combination has either an efficiency 
characteristic or input characteristic involving the fourth power 
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of the load within the meaning of engineering reality. That is, 
the coefficient of the fourth power could never be determined 
from the actual facts of the characteristic itself. Steinmetz 
warns us against this sort of thing in his book ‘‘ Engineering 
Mathematics ” where, on page 213, after discussing the potential 
series (the sort of mathematical expression we are dealing with), 
he says: ‘‘ Usually, however, such representation is irrational, 
and therefore meaningless and useless.’? Power plant data are 
proverbially widely scattering when considered for the estab- 
lishment of any mathematical relations and therefore it may be 
said unequivocally that for power plant study a potential series 
extending to the fourth power is always irrational, meaningless 
and useless. 
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Aside from this technical criticism there is room for criticism 
of the paper at this point on broader engineering grounds. It 
seems entirely irrational to combine the efficiency relations of 
prime movers and steam boilers. Power plants operated for 
maximum economy are not operated that way, and every un- 
lettered man concerned with power plant economics knows that 
the boiler room must be operated for its best economy and that 
the engine room or turbine room must be operated for its best 
economy, the best economy of the individual prime movers 
in it, and that only when the discontinuous elements of a power 
plant are each operated at best efficiency will the efficiency of 
the plant be at its best. Of course, to the designer and not the 
operator, the question of the total rated capacity of the steam 
generating plant in terms of the total output capacity of the 
prime movers is determinable, with fixed charges of all apparatus 
taken into consideration, by a combined consideration of input 
and output of the total plant, and this is not left unregarded in 
the paper, but I think the distinction is not sufficiently em- 
phasized and maintained. 

Aside from the above objections, I think the nomenclature for 
injecting the load factor into the equations, and the resulting 
equations, are awkward and needlessly obscure; that is, I 
think they would well stand clarification. 

P. M. Lincoln: The most startling thing I find in Mr. 
Rhodes’ paper is the nonchalant way in which he sets aside as a 
mere manufacturing detail the proposition of obtaining electrical 
apparatus capable of assuming the very high overload which 
he suggests. Those who are familiar with the design of electrical 
apparatus and particularly the prime movers which are used to 
drive it, know that it is practically impossible to design electrical 
apparatus so as to assume the two or three times full load rating 
which he suggests in his paper. Not only are these high over- 
loads impossible on account of the limitations of the electrical 
apparatus, but they come from the limitations of the prime 
movers as well. The prime movers which are being installed 
at the present time are often rated in what is now referred to as 
a ‘‘maximum rating.’’ I am not altogether in sympathy with 
this method of rating, but it is here and it is a thing to be reckoned 
with. However, although not in sympathy with the idea of the 
so-called maximum rating, on the other hand I am not willing 
to follow Mr. Rhodes as far as he seems to have gone in his 
paper, namely, to the extent of assuming that as high as two 
times full load, or even more, can be obtained from electrical 
apparatus driven by prime movers. We know how impossible 
this is even though we are willing to make the utmost sacri- 
fice in efficiency at very high overload points: 

Reverting again to methods of rating, which I have just 
spoken of, in former days we had ratings which are now called 
normal ratings, in order to distinguish them from the term 
‘“ maximum ratings’? which has come into use during the last 
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few years. The normal rating was usually that rating which 
would cause an elevation in temperature of the electrical appar- 
atus of 35 or 40 deg. cent. above surrounding atmosphere. 
The maximum rating which has crept in during the past few 
years is usually taken as that rating which will raise the electrical 
apparatus to a temperature of about 50 deg. cent. above sur- 
rounding atmosphere. The relation between normal rating and 
maximum rating is not definitely fixed, but there is a difference 
of approximately 25 or 30 per cent. In other words, a machine 
which has a normal rating of 100, will have a maximum rating 
of approximately 125. This new method of rating, of course, 
requires us to change entirely our ideas when we come to speak 
of the costs or outputs of electrical stations, particularly when 
they are put in terms of cost per kilowatt. It practically makes 
another value of the kilowatt. On account of this changing the 
value of the kilowatt and the confusion that is bound to come 
from it, I am not in sympathy with the proposition to establish 
the so-called ‘‘ maximum rating.” 

C. O. Mailloux: I do not think the discussion has done 
justice to this paper, which has far more meaning and importance, 
I think, than many of us realize on merely glancing at it. I 
look upon this paper as being just as much epoch-making in its 
way, as was the classical paper of Mr. Stott, presented before 
the Institute several years ago, on the question of boiler econ- 
omy and cost of power. 

We are probably indebted to Mr. Stott, more than anybody 
else, for this paper; and it is a tribute to his standing as an 
engineer, just as it is a great credit to the author. At the same 
time, I think we can throw some bouquets at ourselves as an 
electrical body for having been.the means of bringing out a 
paper like this. This is, in my opinion, one more case where we 
get in ahead of the older sister engineering societies. 

Taking a broad view of the question of precision in engineering 
work, we see, without going back very far, that the electrical 
engineer has played a great part and has done more than his 
share in impressing upon the public the importance of clear 
thinking, accurate planning, and careful measurement. I think 
it is safe to say that if it were not for the fact that electrical 
engineering as an art has made so much progress, there would be 
as much blundering and empirical work in the use of coal and 
in the generation of power generally as there was in the good old 
days of the so-called age of steam, fifty years ago, which pre- 
ceded the electrical age, or before electricity or electrical en- 
gineering came on the scene. It was the electrical engineer who 
first learned to measure power systematically and correctly. It 
was he who first made general use of instruments of precision 
inside a power station; and, after he had made a great success 
with his methods of precision-measurement in his own depart- 
ment, in the dynamo room, he found it desirable to go into the 
boiler room and repeat the same success there, in doing away 
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with the old, crude, rule-of-thumb methods. Mr. Stott himself 
was one of the first men who preached that doctrine after having 
practised it himself, with very gratifying results; and the men 
who are following his example are precisely the ones who are 
in the front rank as experts in power station management and 
economy. Incidentally, it is gratifying to note that the best 
men here have been recruited mostly, if not wholly, from the 
electrical branch of the engineering profession. 

This paper represents what might be called an advance step 
in that program of progress which was inaugurated by Mr. 
Stott and men of his ability and experience in dealing with the 
problems of economic power-generation. These men under- 
stand and appreciate fully the far-reaching importance of 
methods of correlating and coordinating facts, because it is by 
means of such methods that they can hope to bring to light the 
relations of certain sets of facts to other sets of facts, and by 
doing so, learn the way to better and more satisfactory practical 
results. Here we have an interesting attempt to go a step further 
than has been attempted hitherto in that direction. The author 
has endeavored to assort the different factors which enter into 
the general problem of economy in the power plant; and, after 
having assorted them, after having given them names, after 
having found their numerical values, we have an effort here, 
and a must intelligent one, to correlate them, to bring them 
together in such a way that we can begin to think about them 
concretely and begin to assimilate the ideas which they repre- 
sent, and see them in perspective, as it were, and thus under- 
stand and appreciate better than we could before their relative 
value and importance. 

I think it would be unfortunate if the discussion were to close 
without removing the bad impression left by the speaker who 
found so much fault with the mathematics in this paper. I 
want to say that the paper impressed me particularly because 
it was not a mathematical paper—because, in fact, it was merely 
a very simple way of placing before the reader in the simple 
symbolic language of algebra the interesting facts which the 
author has worked out, the coefficients which he has boiled 
down or deduced from the curves employed in the graphical 
method used by him. 

I regret that there is not time to go into a detailed discussion 
of the mathematics placed on the board by the previous speaker, 
so as to show their fallacy, or their irrelevancy, so far as their 
applicability to this case is concerned. Perhaps a great deal of 
the apprehension about the asserted mathematical character 
of this paper comes from the rather formidable appearance of 
the integral equations for the total energy, but it does not 
require much knowledge of mathematics to see that, really, 
they are very innocent things, not at all as formidable as they 
look. These integral expressions, in reality, present no difficulty 
whatever. They are only what are usually termed “ indicated ” 
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solutions. It does not need extended mathematical study to 
know perfectly well that these solutions cannot always be ob- 
tained analytically, in the manner which the integral symbolic 
expressions on the left hand side indicate, but that they must 
often be obtained graphically, or in some other like manner. 

The indicator diagram of the steam engine is a well known 
instance. The area, or else the mean effective pressure, in the 
case of a steam indicator diagram, just exactly as the area of the 
electrical load diagram or else the average load of a power 
station, can be represented and expressed correctly in mathe- 
matical symbols only by an integral expression precisely similar 
to those given by the author. Yet the valuation of such integral 
expressions by purely analytical methods would be beyond the 
powers of the ablest mathematicians. Fortunately, there are 
practical and relatively simple means of evaluating such 
integrals. In the case of the indicator diagram, it is done, as we 
all know, by a planimeter. In the case of the electric load 
diagram, it can also be done by a planimeter, if the load curve 
has been obtained by means of a curve-tracing instrument, or 
it can also be done without that, by simply taking the readings 
of a watt-hour meter, which is a very perfect integrating mecha- 
nism. You will note that in at least the first two of the integral 
equations for the total energy, the solution can be very easily 
obtained by the ordinary processes of graphical integration, such 
as by the use of planimeters or integraphs, or else by integrating 
watt-meters or ampere-meters, according to the case. The 
others may be obtained readily enough by methods of trans- 
formation of curves and then by integration by means of mechan- 
ical or graphical methods. Hence, we are not at all being con- 
fronted by an elaborate attempt at mathematical befogging. 
On the contrary, we have merely a very simple, and I think a 
very intelligent and convenient way, of noting in a sort of short- 
hand the results which the author has obtained. 

Now, so far as the criticism of the higher powers is concerned, 
I want to say that I consider this one of the interesting and 
specially original and valuable features of this paper. I’ dare 
say that even in electricity, where we know that the energy 
expended in the circuit is proportional to the square of the 
current, very few engineers realize that it is of the highest 
interest for us to get some factor which is proportional to the 
root-mean-square of the electrical load diagram, because the 
loss which takes place in the feeders is not proportional to the 
main current at all, but proportional to the root mean square of 
the load-current during a stated interval of time. There are 
losses due to temperature, to radiation in piping, and what not, 
occurring in a boiler plant, which may well be conceived to be 
not only proportional to the second, or third, but may, perhaps, 
be proportional to still higher powers.. The author has found a 
most intelligent way, I think, of presenting to the reader a sum- 
mation of the knowledge which he has collated and gathered. 
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We know perfectly well that any mathematical expression 
which complies with certain mathematical requirements, that 
is, provided it is single-valued, and has certain other mathe- 
matical earmarks, such as admitting of a derivative, can be 
expressed in the form of a series of ascending powers of the vari- 
able. The author has taken advantage of this property very 
satisfactorily, and he has deduced an algebraic expression, con- 
taining a certain series of terms, (like a “ Maclaurin ”’ series) 
some of which are constant, some of which are functions of the 
first power, some of the second, and some of the third ;—yet 
the author does better than that, for, in the second equation 
for the total energy supplied, he has very cleverly, indeed, 
eliminated all the higher powers, by finding mean factors, which 
are equal to the root-mean-square of the load, and the root-mean- 
cube of the load, and each of which factors, once determined, 
1s a constant. I do not see how anything could be presented 
more simply and more intelligently than the author has pre- 
sented this case. 

I think, therefore, that the author deserves the very highest 
credit. This paper, in a few years, will be looked on as one of the 
classics in the art of the scientific study of power cost. We shall 
look back to it as one of the starting points and stepping stones 
in that science which needs so much development, and where so 
much progress is to be made. When we realize that eighty-five 
per cent of the fuel thai is expended in the boiler room goes up 
the chimney, so to speak, and we practically make no measure- 
ment, make no attempt to find out what becomes of it, we 
should appreciate, and those of us who have had experience do 
appreciate,—the great effort put forth by Mr. Stott and his able 
mechanical staff to get at the root of the matter, and to begin a 
systematic study in an untrodden field of knowledge, where 
there is so much to be learned and so much saving to be made. 
The author has done very fine pioneer work. Instead of criti- 
cising him for having done so little, let us rather congratulate 
and thank him for having really accomplished so much in the 
direction of rationalizing the general principles of power station 
economy, so that he may be encouraged to continue his very 
commendable efforts in the pursuit of a ‘‘ general solution ”’ of 
the problem of power economics. ; 

Reference has been made this evening to the difficult question 
of rating. Mr. Stott himself made some pertinent and opportune 
remarks on that question. Few realize the difficulties which 
lie ahead of us in arriving at an intelligent solution of the question 
of rating. We have here one of the great problems before the 
electrical engineer to-day. I will tell you something that will 
interest you all as showing the great difficulty involved in this 
matter,—as showing how much greater the difficulty is in 
arriving at a consensus of opinion on the matter of rating than 
most people imagine. In 1906 there was formed an International 
Electrotechnical Commission, as the result of a vote taken at the 
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St. Louis Electrical Congress of 1904. That Commission was 
formed for the purpose of going into, and of discussing, questions 
which are of general interest. and importance to the electrical 
arts and the electrical industries throughout the world, and upon 
which international agreement is desirable or necessary. The 
Commission was organized in London in 1906. The American 
Institute of Electrical Engineers, through two of its delegates, 
took a very active and effective part in the formation of the 
Commission; and it has taken an active part in the work of the 
Commission ever since. It has, in fact, assumed the task of 
representing and safeguarding the interests of American elec- 
trical industry abroad, through an American Committee, which 
is appointed each year by the President of the Institute, to 
represent this country in the meetings and deliberations of the 
International Electrotechnical Commission. 

One of the great questions which came before that body—in 
fact it was thought at that time the principal question to be 
brought before it—was the question of determining ratings, so 
that the manufacturers of electrical machinery in any country 
might be able to know what they were running up against in 
sending their product to foreign countries. For instance, some 
manufacturers in certain countries would sell as a 10-h.p. or a 
10-kw. machine, a machine which no American manufacturer 
would have had the “nerve ”’ to sell for more than 7.5 h.p. or 
7.5 kw. It was a question of rating—a question involving effi- 
ciency, maximum output, overload capacity, temperature— 
rise, etc. 

It was thought that the Commission could easily arrive at 
some understanding on the question. It had not gone very far, 
however, before it found that the question of rating could not 
be gone into until after the ground had been prepared. It found, 
for instance, that it must first discuss the technical language 
which is in use all over the world, and bring about an under- 
standing as to that language,—as to nomenclature, and as to 
symbols, and a lot of other things, simply for the purpose of 
laying the foundation work, and to prepare for an intelligent 
discussion and solution of the problem of rating. We must 
obviously begin by settling questions of technical terminology 
and language, and agree upon the fundamentals of rating before 
we can hope to arrive at any agreement on ratings. The Com- 
mission has been working thus far only on what might be termed 
the preliminaries to the question or international standardiza- 
tion and rating. : 

_ In the five years or more since the Commission was organized, 
it has made some progress, but we are still probably several 
years removed from the time when it will be possible to establish 
and to define the ratings of all electrical machinery. There are 
some things, of course, which it is much more easy to define, and 
on which international agreement may be expected in a rela- 
tively short time, but the question of boiler rating, the question 
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of engine rating, and the questions which Mr. Stott spoke of, 
present some difficulties that will be a long time in finding a 
definite and satisfactory solution. There are even some points 
on which international agreement looks almost impossible. 

The paper of this evening is a valuable contribution to the 
preparations which must be made before some of the perplexing 
problems of ratings can be properly taken up and disposed of. 

Let us hope that by the time the question of determining 
ratings of boilers and engines comes formally before the Inter- 
national Electrotechnical Commission the results obtained from, 
and the work following, the paper presented this evening, may 
be of great value in the presentation of that subject before the 
Commission, and be a useful means of throwing light on it and 
of leading to its definite, intelligent settlement. 

‘Farley Osgood: I simply want to add a word in commenda- 
tion of Mr. Rhodes’ paper. I have not the fear that our friend 
Mr. Lincoln has, that the manufacturer will be obliged to give 
us a 200 per cent rating. I have the regret that he will not be 
able to do it. 

As I interpret the paper, Mr. Rhodes has used the higher 
powers and carried them up to what might be termed excess in 
the matter of overload, merely to bring out clearly the facts set 
forth in his curves and his calculations; and although his 
formulas may at first seem somewhat startling as to length, I 
believe that only in this way can we gather in properly all the 
variable factors which affect the cost. : 

We all know the many items in the cost sheet, and the solu- 
tion of each item is to be obtained and put in its proper place 
in the general calculation, so that when his suggested calcula- 
tion is carried to completion, we will have, as Mr. Mailloux has 
said, not a complicated answer, but a simple answer, which may 
be reduced to one or two factors. The value of this paper will 
come home to us when we have time to more clearly under- 
stand it and compare it with our own detail or monthly operating 
costs, as they come to us, and when we learn how to apply his 
principles of calculation and compare them with our former 
methods of calculation, so that when all is said and done, Mr. 
Rhodes has shown us, by extended factors and extended curves, 
an interesting and effective picture of hismethod. Weknowthat - 
in even from 80 per cent to 100 per cent rating, or from 100 per 
cent to 125 per cent rating, a slight difference in the curve will 
make a great difference in dollars, when it is considered that the 
curves represent cost per kilowatt-hour; and when we think of 
the millions of kilowatt-hours used, as a total, we begin to get the 
absolute effect of such difference on our cost sheet. 

In this paper is described a method by which we will be able 
to determine, after some calculation, and the use of the one or 
two factor scheme, the chief variables in our cost sheets, so that 
having completed the calculation as a formula, we can promptly 
determine wherein our losses are occurring; and I think we 
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certainly owe Mr. Rhodes a vote of thanks for his ideas as set 
forth in this paper, because if they work out, and he says they 
will, and I believe they will, we will be saved a great deal of time 
in getting at those costs which most affect our economies. 

G.I. Rhodes: The author can add little to the discussion of 
the paper. Suggestions and criticisms have been made by the 
various speakers and in a large part answered by those suc- 
ceeding. 

It has been brought forcibly to our attention that there is 
no particularly well defined and logical method of determining 
or expsessing the rating of apparatus. The rating used in the 
pape was that of greatest economy in the prime mover and 
that of ten square feet of surface per boiler horse-power. The 
plea for greatly increased overload capacity will be satisfied 
by the ratings used above if the horse-power or kilowatts per 
dollar are increased in a like pioportion. The progress of the 
art has not only increased the kilowatts per dollar, but by im- 
proved method has actually increased the kilowatts per pound 
of material and in numerous cases increased the capacity of ex- 
isting apparatus. It is hardly to be expected that engineering 
will cease to progiess along these lines. 

This paper was designed solely to present a possible method of 
comparing power costs in a more logical method than is commonly 
used, and can be considered only as a beginning. The deter- 
mination of the desi1ability of high overload capacities, even at 
the expense of poor economy, was made to illustrate how the 
method might be used in a particular instance. It is to be 
hoped that some time we will be able to determine exactly the 
cost of taking on any particular load o1 the saving produced by 
economical use of power. At present such a determination is 
unsatisfactory and will continue to be so until a more logical 
method of presenting power costs is devised. 
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THE RELATIVE COSTS AND OPERATING EFFICIEN- 
CIES OF POLYPHASE AND SINGLE-PHASE 
GENERATING AND TRANSMITTING 
SYSTEMS 


BY H. M. HOBART 


Three-phase generating and transmitting systems have been 
employed on so extensive a scale that the capital and operating 
costs may be fairly closely determined for any given conditions. 
Of late years, however, serious and well-backed proposals have 
been made which have comprised as a prominent feature, the 
generation and transmission of single-phase electricity. 

In most of these cases the object in view in employing single- 
phase electricity has been the provision of high-pressure elec- 
tricity for the operation of railway trains. Such single-phase 
railway trains are equipped with electrical apparatus whose 
characteristics are such that the average power factor at the 
generating station is about 0.75. When, however, the trains 
are equipped with continuous-current apparatus, the continuous- 
current being obtained from synchronous substations, then the 
substations are supplied with three-phase current and at unity 
power factor. The electricity as delivered from such substations, 
costs per kilowatt-hour materially more than when delivered 
to the substations. The increase in cost arises from three causes: 

1. The interest, insurance, taxes, maintenance and ultimate 
renewals associated with the substation investment. 


1. Many years ago, single-phase generation and transmission was 
widely employed but that was in the days when electrical undertakings 
were on a relatively small scale and the conditions in many respects were 
so different that the early work with the single-phase system is now of 
but little more than historical interest. 
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-2. The cost of the energy wasted in the substation apparatus 
in the process of transformation. 

3. The outlay at the substations for wages, oil and stores. 

The first and second of these three items are nowadays much 
lower than was formerly the case. This is due to the realization 
of the importance and feasibility of so proportioning the appa- 
ratus that the average load on the substation shall constitute 
a very considerable percentage of the rated capacity of the 
apparatus at any time in circuit, and that the apparatus shall, 
in respect to commutation, nevertheless be fully equal to hand- 
ling the instantaneous peaks of load to which it is subjected. 
These peaks of load may amount to three or more times the 
rated load. The art of designing transformers and synchronous 
converters is now so advanced that the proportions which 
I have just indicated represent best practise, for not only are 
the capital costs reduced as compared with former practise 
but there is the very important consideration that the “ all- 
day ” efficiency of the apparatus is greater than is the case 
when larger machines are operated with an average load which 
is only a small percentage of their rated load. 

On these modern and preferable lines, some $20 per kilowatt 
of rated capacity installed is an outside figure for the capital 
outlay for complete 1200-volt substations. The efficiency will 
depend upon the load factor? of operation of the machinery in 
circuit and may be based on the following data: 


Load Factor of “ All-year "’ Eff.3 
machines in service. of the substation. 
° OBO spierape. leblades Soaks «eee eein 0.86 
Qh AQ crear screamin ciers crease lace mierenitevataiany 0.88 
ODO. Cipwris ftie ces celnteiels ae iete ram eletnenete saree 0.90 
OnGO eile cietvater cleo a otecatusrs oetine nee ike 0.91 


2. In paragraphs 50 and 51 of the 1911 Standardization Rules of 
the A.I.E.E. (See p. 2535 of Transactions A.I.E.E., Vol. XXX, 1911), 
the term ‘‘load factor ’’ is defined as follows: ‘‘ The load factor of a 
machine, plant or system is the ratio of the average power to the maximum 
power during a certain period of time. The average power is taken over 
a certain period of time, such as a day or a year, and the maximum is 
taken over a short interval of the maximum load within that period. In 
each case the interval of maximum load should be definitely specified. 
The proper interval is usually dependent upon local conditions and upon 
the purpose for which the load factor is to be determined.”’ 

For the purposes of the present investigation, the load factor of the 
generating station is taken on this basis and the maximum power is 
taken as the maximum load averaged over sixty consecutive minutes 
at any time during the year. But in the case of the substations the 
available records and data are not of a character permitting of em- 
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The outlay for wages, oil and stores will be covered by taking 


it at the following values: 
Outlay for wages, oil and stores 


Load Factor (in substations), per kw-hr. of 
output from the substations 
ORS O esperar perc sne a easy cl Soke obi accet ere ove svarctue cae 0.14 cent 
OBA Oioserortciatelioe siesever ene susueetie Gas eters srevecerevee.e) are (Oye ae Me 
HO sO Olepemeehaternretetats ctete\atcca fore cvatereleiietone atace ateiancre 0.10 “ 
OG O eeeprraper ce ey aioe ocsoneceroicpact covet avi bariralecavevonseireue 0.09 “ 


I shall proceed from these data in working out, (in a later 
section of this paper), the cost of the electricity delivered from 
the substations and I shall ultimately arrive at the result that 
when the load factor on the substations is of the order of 0.50, the 
cost of the electricity as delivered from the substations is, per 
kw-hr., usually of the order of some 18 per cent greater than the 
cost of 0.75-power-factor single-phase electricity of the pressure 
appropriate for delivery to the train. This is in striking con- 
trast to figures which have been quoted. Thus in the course of 
the discussion of some papers at the Institution of Mech. 
Engineers on July 29, 1910, (see p. 1233 of Proc. Inst. Mech. 
Engrs., for 1910), it was stated that the cost of continuous- 
ploying this conception of the load factor. Hence so far as relates to 
the substations I have taken the load factor as the ratio of the average 
load on the machines in circuit, to their rated loads. 

3. Mr. Aspinall, general manager of the Lancashire & Yorkshire 
Railway, has shown (Proc. Inst. Mech. Engrs., 1909, Part 2, p. 454) that 
for 57,190 kw-hr. delivered from the substations of the Southport Rail- 
way, on a certain day in July, 1906, there was a loss of 3,480 kw-hr. in 
the synchronous converters, and a loss of 1,885 kw-hr. in the transformers. 
Consequently for the service on that road on the day in question, the 
overall efficiency of the substations was 

57,190 
57,190 +3480 +1885 

4. In a paper by B. F. Wood, entitled “ Electrical Operation of the 
West Jersey and Seashore Railway", the costs of ‘‘ operation and - 
maintenance ”’ of the eight substations of that road are shown to have 
amounted to 0.108 cents per kw-hr. of output for the year 1910. The two 
components are given as: 


X100 = 91 per cent. 


@perationieert as ete setters ore ohceee late emesis 3 $20,852 
IMiaimbenianCerare: it peticic. odelsk ales ba shoe 3,607 
iota Meee cit a hutcs Piek bh. Steere «Grade Cg)» he $24,459 
Consequently the outlay for operation (exclusive of maintenance) was 
20,852 9108 = 0.092 cents per kw-hr. 
24,459 


These were 675-volt substations (See Table IV on p. 1384 of TRANS- 
actions American Institute Electrical Engineers, Vol. XXX, 1911). 
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current as delivered from the substations would exceed the cost 
of single-phase current not by 18 per cent but by “ 50 or 60 
per cent.” 

Another instance of the contention that the cost of con- 
tinuous current as delivered from substations is necessarily 
greatly in excess of the cost of single-phase current as delivered 
from distributing cabins, is found in the following quotation 
from a paper entitled “‘ London to Brighton in Forty-Five Min- 
utes,” read at The Royal Automobile Club, on Dec. 8, 1911: 

‘In England to-day, electricity for traction purposes is being 
generated by steam at a works cost of 1/4d. per unit; on to 
this must be added the capital charges, which will vary accord- 
ing to the nature and size of the power plant and its location and 
load factor. In America, works cost is as low as 0.22d. per unit 
in a station which consumes 2.9 lb. of coal per kilowatt-hour. 
Capital charges should not exceed 0.2d, so that it is quite con- 
ceivable that railways will, in the future, be able to purchase 
alternating current in this country at 0.4d. to 0.45d. per unit, 
delivered to them on their railway, and this will be the total 
cost to the company if alternating current is used. On the other 
hand, if continuous current is adopted, this figure will be in- 
creased by the losses sustained in the course of transformation, 
and by the low-pressure distributing losses, as well as by the costs 
involved in the substations, as regards working, maintenance 
and capital charges. Some idea of what these may amount to 
may be gained from the fact that in the case of the New York 
Central Railroad, according to Mr. Wilgus, the cost of sub- 
station transformation and distribution is 0.158d. per unit, 
whilst the capital charges due to this item are 0.455d., thus 
making a total of 0.613d. per unit for transformation alone, 
a truly colossal amount. This need not be so great in every 
case, but, under such favourable conditions as exist in London 
on the County Council tramways, this figure is represented by 
0.26d., or a figure larger than the total works cost at the gen- 
erating station. This would increase the cost of current to the 
railway by at least 50 per cent., making the cost of continuous 
current delivered to the line 0.6d. to 0.675d. per unit. This is 
a very important consideration, when it is remembered that the 
cost of current represents about 50 to 60 per cent of the total 
locomotive charges per train mile.” 

These are specific but typical instances of the general im- 
pression held in many quarters with respect to the relative 
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costs of these two forms of electricity, and the result is that 
engineers are apt to be too sanguine as regards the ultimate cost 
of the single- phase system of operating railways. It is possible 
that the single- phase system may play an important part in 
certain classes of railway electrification work, such as for hauling 
freight trains and express passenger trains, but in the interests 
of railway electrification, it is important to confine the applica- 
tion of the single-phase system to its true economic range of 
work, or at any rate, to classes of work not widely outside of 
this range. Furthermore a correct comprehension of the matter 
will lead usually to employing polyphase generation and trans- 
mission even when the distribution is single-phase. 

I have therefore considered that it will be well worth while to 
trace through two cases. In the first of these two cases the 
generation and transmission are three-phase, and the three- 
phase current is transformed into continuous current in syn- 
chronous substations equipped with step-down transformers and 
synchronous converters. In the second case the generation, 
transmission and transformation are single-phase. 

In confining my examination to turbo-electric generating 
sets it should not be inferred that I ignore the possible imminence 
of the advent of the internal-combustion engine. It would be 
too distracting to introduce too many alternatives into the 
comparison. In adhering to the steam-turbine as prime-mover, 
the case is more favorable to the single-phase proposition than 
is a comparison with slower-speed prime-movers, for reasons 
which will be apparent from the estimates worked out in this 
paper for the turbo-electric propositions.® 

Let us first consider a three-phase generator. Let its rated 
output be 8000 kilovolt-amperes. Since it will supply energy 
to substations equipped with synchronous apparatus, its rated 
output will also be 8000 kilowatts. An entirely suitable 

5. Briefly, the reasons are that the armature J? R loss is a larger 
percentage of the rated load and the core loss a smaller percentage, the 
lower the rated speed. Now, as is explained later in the paper, the losses 
in the single-phase generator include a loss in addition to those in the three- 
phase generator. This loss is in the winding which suppresses the flux 
changes due to the pulsating armature magnetomotive force. The loss 
in this extra winding is of the same order of magnitude as the J? R loss 
in the armature winding. Consequently the inferiority in efficiency of 
the single-phase generator as compared with the three-phase generator 
is greater the lower the rated speed. In this paper I am favoring the 
single-phase generator by working out my comparisons for the very 
highest speeds which can be considered commercial. 
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periodicity, so far as relates to the preferable conditions of 
operation of synchronous substation machinery, is 25 cycles per 
second. The maximum possible speed for a 25-cycle set is 1500 
rev. per. min., corresponding to a bipolar generator. At the 
present state of development of turbo-generators, this speed of 
1500 rev. per min. is practicable for a set of this rating* and leads 
to the best results as regards steam economy. The electric 
generator for such a set weighs some 100 tons. Now in what 
respect will a single-phase generator suitable for this same prime- 
mover, differ from the above-indicated three-phase generator? 
In the first place, the stator will be furnished with a three-phase 
Y-connected winding identical with that which would be 
provided if the set were intended to supply polyphase electricity. 
Only two of the three windings are employed at any one time, 
but it has proved best practice to mount all three windings in 
place as this permits of having a winding in reserve as a spare 
for use in the event of a breakdown of either of the other two 
branches of the Y-winding. Thus for a single-phase load of 
8000 kv-a. we require a generator which is appropriate for a 
three-phase load of 12,000 kv-a. and we are only able to make use 
of the windings on two-thirds of the stator periphery. But the 
case is much less favorable even than this would indicate. In- 
stead of a load of synchronous machinery adjusted for unity 
power factor, a single-phase railway, fed directly from the gen- 
erating station and without the intermediation of synchronous 
machinery, will constitute a load with an average power factor 
of some 0.75. Then instead of requiring a three-phase capacity 
of 12,000 kv-a. the generator will, for the same kilowatts load, 
(i.e., a load of 8000 kw.), require a three-phase capacity 


12,000 
of 70-75" = 16,000 kv-a. 

In other words, we shall, for a given kilowatt load for a single- 
phase railway, require a generator of just about twice the three- 
phase kv-a. capacity that would be required for the same kilowatt 
load of synchronous three-phase substation apparatus. Now in 
the present state of the art, a 16,000-kv-a. 25-cycle synchronous 


6. At first sight it may occasion surprise that I put forward 1500 
rev. per min. as an appropriate speed for a 25-cycle, 8000-kw. generator. 
But the tendency toward high speeds is now very strong and we already 
have 2500-kw., 60-cycle generators for a speed of 3600 rev. per min. With 
this rating of 2500-kw. at 3600 rev. per min. in mind, a rating of 8000-kw. 
at 1500 rev. per min. is seen to be by no means extreme. 
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three-phase generator would be beyond the range for which a 
bipolar construction could appropriately be employed, and it 
would be built with four poles and with a speed of only 750 
rev. per min. It would not have quite so low a steam consump- 
tion as would a 1500 rev. per min. set. I have already explained 
that to obtain a single-phase output of 8000 kw. at a power- 
factor of 0.75 we should require a generator which, if employed 
as a three-phase machine, would have a rating of 16,000 kw. at 
unity power factor. Since this would be so large a generator 
that it would not be desirable to build it for a speed of 1500 
rev. per min., it would be necessary in a single-phase station, 
to either have twice as many sets as in a three-phase station, 
each set being of only half the capacity, (in which case we 
could employ a speed of 1500 rev. per min.), or else we could 
have the same number of sets as in the three-phase station, but 
designed for 750 rev. per min. as against the speed of 1500 rev. 
per min. employed in the three-phase sets. The practical 
decision would be to employ the latter plan. In that case, while 
our 8000-kw., 1500-rev. per min., unity-power factor, three- 
phase electric generator would weigh about 100 tons, our 8000- 
kw., 750-rev. per min., 0.75-power factor, single-phase electric 
generator would weigh fully 240 tons and would not only cost 
over twice as much, but the turbine by which it would be driven 
would have a slightly higher steam-consumption per kilowatt- 
hour of output than would be the case with the 1500-rev. per min. 
turbine for driving the three-phase generator. Furthermore, the 
steam turbine, also being for half-speed, would be heavier. But 
for the purposes of the present comparison I have determined that 
instead of handicapping the single-phase proposition with the 
additional weight and slightly higher steam consumption con- 
sequent upon the employment of only half the speed adopted 
for the three-phase generating set, and in the interests of sim- 
plifying the comparison, I will credit the single-phase set. with 
the advantages of the higher speed of 1500 rev. per min. I shall 
arrange for this by assuming that the steam turbine of a single- 
phase generating set is direct-connected to ‘wo single-phase genera- 
tors whose combined capacity is 8000 kw. at a power factor of 0.75, 
each component generator having only a single-phase (0.75 — 
power factor) capacity of 4000 kw. The use of this plan for the 
purpose of simplifying my calculations is entirely legitimate, 
since it leads to crediting the single-phase proposition with 
a much lower weight and cost for the generating sets (including 
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the turbines and the generators), and with a slightly lower 
steam consumption than would obtain with the plan which 
would, in practise, be followed, namely, to employ a turbine 
with a speed of only 750 rev. per min. coupled to only one 
single-phase generator of the full required capacity. Thus 
the 8000-kw., 0.75-power factor, single-phase generating set 
is, for the purposes of my calculations, composed of a single 
steam turbine driving, at a speed of 1500 rev. per min., two 
4000-kw., 0.75-power factor, single-phase generators. 

Each one of these component single-phase generators will be 
more heated when carrying its load of 4000 kw. at 0.75-power 
factor, than it would be heated when carrying a three-phase 
load of 8000 kw. at unity power factor. .This statement may be 
challenged and I may be reminded that with the single-phase 
load, only two-thirds of the windings will be carrying current and 
that consequently the stator J? R loss will only be two-thirds as 
great in each machine. But we must take into account the conse- 
quences of a very important factor, namely, the fluctuating 
nature of the armature reaction of single-phase generators. 
This fluctuating armature reaction, if not compensated, entails 
a very large loss in portions of the magnetic circuit. In a three- 
phase generator, the armature strength opposite any reference 
part of the periphery of the rotating field does not change in 
value and consequently a three-phase generator is immune from 
any such loss. If, in a single-phase generator, we do not provide 
a compensating winding, the loss in question will often be so 
great as to preponderate over the sum of all the other losses and 

‘will lead to impracticable conditions as regards excessive tem- 
perature rise and low efficiency. But in all modern single-phase 
generators a suitable compensating winding is provided at the 
surface of the internal rotating field and this compensating 
winding usually takes the form of a squirrel cage. The lower 
the resistance of this compensating winding, the smaller will be 
the J? R loss occurring in it. Space limitations will rarely 
permit of employing in this pole-face winding a greater aggregate 
cross section than is provided by the stator conductors, (indeed it 
is rarely possible to find space for a compensating winding with 
an aggregate cross section so great as the aggregate cross section 
of the stator winding). If the aggregate cross section of the stator 
conductors and of the conductors of the squirrel-cage winding are 
made the same, and if this suffices to render substantially neglig- 
ible the loss in the magnetic circuit, then this result will have 
been achieved at the cost of the introduction of a loss in the pole- 


1912] HOBART: COSTS AND EFFICIENCIES 123 


face winding which will be about equal to the loss in the stator 
winding (7. e., to the armature J? R loss.) Now ina 1500-rey. per 
min., two-pole, 8000-kw. unity power-factor, three-phase gen- 
erator, the losses in the machine at full load (exclusive of bearing 
friction) will be somewhat as follows: 


Aria CUTE wR Ode Maat. combate eee ead cil eee 20 kw. 
Field ME er nerece te NNR Seco, fete. cin sc osniehe wk 20, ¢ 
Corciloss Perna REN THe Set et chon ee oe hie 
Windagellosstir- mn Sark hese Pa eek ea Le RR LOOme 
lotalNossvataulltoadam.. seatrn tw so. ke. tke cn. 210 kw. 
Output SERA rs Sr eee ETE. fc til dL ee 8000 “ 
Input SN ETS CP Ce Fah See eR Ea coc ays, gue ontc Mande 8210 kw. 
iE fiem (exclomofibearingetiriction) ascetics cote cn «ae we 97.4 per cent. 


When built for and operated at a power factor of 0.75 and with 
a three-phase output of 8000 kv-a. (8000X0.75 = 6000 kw.), 
the field excitation will be higher (for the same terminal pressure) 
and the losses and efficiency will be somewhat as follows: 


Ghia OEHIGER SY J Net I SAORI, BES, PERO ec teers one eer oR EE ae em 20 kw. 
Field « See on nets ea eat eae 30 ee 
(Ore g Ossett ce tse E Re eras eR A Te ee COnS 
Wiindagellocs Baiiaem Mae As. stel ERT pels eee dy Pate e. | KO). 
PLOCAILIOSS SeaeetPT Rots ohare OR OTRO Cee es ce ee ens 220 “ 
OUD Ut eT ene Seen cL LER deat eh coe eens ute Magee Sn: 6000 “ 
VES OX Risse, Se as scart arm hy as a Ati oR tk a a ea ea 6220 kw. 
Bite (CRC OLbeATing triction mcrat amie cwnen chine coke eo tee a ee 96.5 per cent. 


If this machine is operated single-phase with 0.75 power 
factor and an output of 4000 kw. (0.667 <8000X0.75 = 4000 
kw.) the losses and efficiency will be about as indicated below: 


ArimarineclagelOss say tency e «toate cotter Bees shinee tiara» dare 13 kw. 
Poleifacer winding) 12uR lossecmcliehe. seeiee cia 4+ soe os oan Stas 
Hielcl tov lossven Aes Aaa eet ea ee ae cb haloes nh fla fos 254“ 
Corehlossteeney Marat ets were iene wee art sec) Meroe aes ORAS 
Wisi cl ap euloss amen eaarteras canst relists Grah wer ovat ares etd bincesotnalsve 100 “ 
“LotalJoss-eyqncew«1s STEER eR re Ae cn. ade a papi a 
Out patie rc mea teyanttere crises va aicyulteuaie easiete auc oat ok sla tahoe em.t eee 4000 “ 
TB SROLENM coctr Faces Cae on REMGCS RRC OuCReLC IE Rr RCE ECE EER neta ee 4221 kw 
fray (excl ofibearing Prictioi il. ae ssisiesiesioavaerie¥ers wre cielea.e anes « wee 94.8 per cent. 


From these figures we see that to provide from the two 
machines 8000 kw. of single-phase current at 0.75 power factor, 
we shall have in each of the machines a loss of 221 kw. (or 442 
kw. in the combined 8000-kw. set), as against a loss of only 210 
kw. in only one of the machines when operated three-phase at 
unity power factor. Incidentally the three-phase, unity power- 
factor installation will have some 6 per cent to 8 per cent 


7It is liberal to the single-phase set not to take into account the doubled 
weight on bearings, as compared with the equivalent three-phase set. 
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inherent regulation whereas the inherent regulation of the single- 
phase, 0.75 power-factor installation will be of the order of 15 
per cent or worse and will thus be so inferior as to require that 
some type of automatic regulators shall be provided. This, 
however, is but a relatively trifling disadvantage. In view of 
the above comparison, it is seen that twice the weight of electric 
generators will, for a given available power, be required for the 
single-phase proposition as compared with the proposition em- 
ploying synchronous three-phase substations. In fact the case 
is still worse, as I shall now explain. The interposition of the 
rotating apparatus in the substations, even without the use of 
storage batteries, serves to buffer the instantaneous peaks of 
load which attend the operation of trains. Consequently in the 
three-phase system with substations, the crest loads at the 
generating stations will, for a given train service, less exceed the 
average load than is the case where the same train service is 
handled by the single-phase system. In other words, the load 
factor of the generating station will be higher with the three- 
phase system, and consequently less rated capacity will be re- 
quired to be installed for a given annual output of electricity 
from the generating station. But I do not propose in my quanti- 
tative comparison to take into account this further disadvantage 
of the single-phase system. 

Let us consider a station with six such 8000-kw., 1500-rev. per 
min. steam turbines, and let us work out a rough comparative 
estimate for the costs of the generating sets; both for three- 
phase with unity power-factor and for single-phase with 0.75- 
power factor. We may, with sufficient correctness for a com- 
parison of this sort, take the market price of the three-phase 
generators at $400 per metric ton, (i.e., per ton of 1000 kg. or 
2204 lb). Leaving out of account, for the moment, the cost of 
the single-phase generators’ squirrel-cage compensating winding 
and the outlay for the greater amount of main field winding 
which they require, the market price of the single-phase gen- 
erators may also be taken at $400 per ton, for, with the exceptions 
noted, they are identical with the three-phase generators. Each 
of the component generators would weigh a matter of 100 tons 
and would consequently cost 100 X 400 = $40,000. But we may 
take the outlay for the squirrel-cage compensating winding and 
for the additional copper in the main field winding as increasing 
the cost of each component single-phase generator by some 
six per cent, bringing it to 1.06 40,000 = $42,500. Thus for the 
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single-phase station the outlay for generators aggregates 12X 
42,500 = $510,000, whereas for the three-phase, unity-power 
factor station of the same total rated kilowatts capacity, the out- 
lay for the generators would only amount to 6 X 40,000 = $240,000. 
But for the single-phase generators the installation of exciters 
will also have to be greater, and furthermore (on account of the 
inferior inherent regulation at 0.75 power factor) an additional 
outlay (though slight) must be incurred for automatic regulators. 
There is the additional consideration that the turbo-electric 
generating sets will be much larger ayd heavier, thus increasing 
the outlay for foundations and increasing the size of the engine 
room. These further outlays may be fairly taken as covered 
by $30,000. Thus the cost of the single-phase generating station 
will exceed that of the polyphase generating station by some 
510,000+30,000 —$240,000 = $300,000. 

The total cost of a modern three-phase generating station with 
a rated capacity of 48,000 kw. of installed machinery amounts 
to about $70 per kilowatt, the precise value depending upon 
many circumstances pertaining to each particular case. At $70 
per kw., the total cost amounts to $3,360,000. Thus we see 
that the $300,000 difference in cost between a three-phase, unity 
power-factor generating station and a single-phase 0.75 power- 
factor generating station amounts to a difference of some 


38 000 X100 = 8.94 per cent 
or, say, 9 per cent in the capital outlay. A generating station 
of this rated capacity and for a load factor of 0.5 is suitable for 
supplying at its outgoing cables some 160 million kilowatt-hours 
per year. At an “‘all-year” efficiency of 12 per cent from the 
coal-pile to the generator switchboard and with coal of a thermal 
quality represented by 13,400 B.t.u. per lb., (8700 kw-hr. per 
metric ton),® the annual coal consumption will be: 

8. This is a very instructive way in which to view the subject. A 
pound of coal of a calorific value of 13,400 B.t.u. may also be stated to 


8700 ; : 
have a calorific value of cages Se kw-hr. per Ib. That is to say, if 


the efficiency from the coal pile to the generator switchboard were 100 


=0.254 |b. per kw-hr. 


1 
per cent, the coal consumption would be a164 


In assuming the high overall efficiency of 12 per cent, I am assuming a 
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160,000,000 


hacia tric t 
0.128700 153,000 metric tons 


or 


(00 153,000 -) 169,000 (short) tons 


At $2.00 per (short) ton, the annual outlay for fuel amounts to: 
2.00 X 169,000 = $338,000. 


We have seen that the efficiency of the single-phase generators 
is (97.4—94.8=) 2.6 per cent less than that of the three- 
phase generators. The greater coal consumption of the single- 
phase generating station thus results in a greater fuel outlay and 
the amount of this greater outlay is some 0.026 338,000 = 
$8,800. As a matter of fact, while’ the single-phase generators 
have a 2.6 per cent lower efficiency at their rated load, this 
inferiority is more of the order of 3} or 4 per cent for the varying 
loads of actual practice and I am favoring the single-phase 
system in not taking this greater difference into account. 

Assessing at 15 per cent the interest on the $300,000 worth 
of machinery and the annual outlay for insurance, taxes, main- 
tenance and ultimate renewal, the greater annual cost of the 
single-phase generating station as compared with the three- 
phase generating station amounts to 0.15$300,000+ $8,800 
= $45,000+ $8,800 = $53,800. Since the annual output is 


coal consumption of 5 ap X0-254=2.12 Ib. per kw-hr. If I had as- 
sumed a lower overall efficiency (7.e., a higher coal consumption in lb. 
per kw-hr. of output,) the comparison would have been more to the dis- 
advantage of the single-phase system. 

On p. 1390 of the Transactions AIJ.E.E. for 1911, Vol. XXX, in the 
course of the paper by Mr. B. F. Wood on the “‘ Electrical Operation of the 
West Jersey & Seashore Railway,” it is shown that for the last four years, 
the total output per year and the coal consumption were as shown in the 
following table, in which I have added a column for the overall efficiency 
from the coal pile to the outgoing cables from the power station on the 
basis of a calorific value of 13,400 B.t.u. per pound. 


Output in Millions Lb. of Coal per Overall 
Year of kw-hr. kw-hr. of output Efficiency 
1907 21.1 3.67 6.94 per cent 
1908 22.9 3.37 Cops) Sie 
1909 23.6 3.30 Galt aoe aS 
1910 28.3 aa: BL es 


*This neglects the greater bearing friction and windage in the single- 
phase set due to the greater weight and size of the rotor. 
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160 million kilowatt-hours, the difference in cost may be ex- 


53,800 x 100 
160,000,000 


of this size and for coal at $2.00 per ton and with a plentiful and 
inexpensive supply of condensing water, the cost for three-phase 
electricity at the generator switchboard for a load factor of 
0.50 is of the order of about 0.8 cent per kw-hr. 

In order to contrast the relative costs of three-phase, unity- 
power factor electricity and single-phase, 0.75-power factor 
electricity as delivered to the generator switchboard let us take 
the cost as 


pressed as = 0.0336 cent per kw-hr. Fora station 


0.8 — 0.0168 = 0.783 cent per kw-hr. for three-phase current. 
0.8+-0.0168=0.817 cent “ «  * single-phase : 


It is seen that the difference in cost at this stage is 4.2 per cent. 

Usually the appropriate generating pressure is very much 
lower than the appropriate transmitting pressure and there must 
be taken into account the step-up transformers intermediary 
between the generators and the transmission line. For a project 
of this size, the transformer units will be very large and may, for 
the three-phase, unity power-factor proposition, be taken as 
having an “‘all-year”’ efficiency of 97.5 per cent for the condi- 
tions of load under which they operate. Owing to the 0.75 
power factor of the single-phase proposition, it will be 
necessary to provide 33 per cent more kilovolt-amperes capacity 
to transformers for the single-phase than for the three-phase 
plant. The purchase price of large step-up transformers appro- 
priate for such a plant will be of the order of $2.50 per kilovolt- 
ampere of rated capacity of the plant. Thus we have for the 
total cost of the step-up transformers 


48,000 x 2.5 = $120,000 for the three-phase plant, and 
1.33 48,000 X2.5=$160,000 “ “ single-phase “ 


Since the losses in the three-phase transformers amount to 
2.5 per cent of the input, the losses in the single-phase, 0.75 
power-factor transformers will amount to (1.33 K25=) 3.3 
per cent of their input, 7.e., their “ annual ’’ efficiency is 96.7 
per cent. The interest, insurance, taxes, maintenance and 
ultimate renewal may be taken at 10 per cent for the trans- 
formers. The respective values of 2.5 per cent and 3.3 per cent 
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representing the losses in the transformers will represent an 
annual cost of 


160,000,000 0.783 X0.025_ _ g31 399 
100 
for the three-phase scheme, and 
160,000,000 x0 .817 X0.033_ _ gg 509 


100 


for the single-phase scheme. 
The total annual cost associated with the step-up trans- 
formers therefore amounts to 


120,000 X 0.10+ 31,300 = $43,300 for the three-phase scheme, and 
160,000 X0.10-+43,500 = $59,500 for the single-phase scheme. 


On the basis that 160 million kw-hr. are annually delivered 
from the high-pressure side of these step-up transformers, the 
increase in cost occasioned by the transformers amounts to 


43,500 x 100 
160,000,000 


= 0.0270 cent (or say 0.027 cent) per kw-hr. for 


the three-phase scheme, and 


59,500 X 100 
160,000,000 


= 0.0372 cent (or say 0.037 cent) per kw-hr. for 


the single-phase scheme. 
The cost of the electricity as delivered to the transmission 
line is thus 


0.783+0.027 =0.810 cent per kw-hr. for the three-phase scheme, 
and 


0.817+0.037 =0.854 cent “ - “ “«  “ “single-phase scheme. 


Let us next examine the transmission line for the two cases. 
To fix ideas, let the average distance from the generating station 
to the substations be 35 miles (56.3 km.) and let the transmis- 
sion be by overhead conductors carried by steel towers. 

In the case of the single-phase line, the annual delivery at the 
distant end of the line of 150 million kw-hr. of energy will be 
associated with the transmission of 33 per cent more kilovolt- 
ampere-hours, since the power factor is 0.75 as against the power 
factor of unity for the three-phase line. Let us employ the same 
total cross-section of copper in both cases. Then if the line loss 
is taken at 8 per cent for the single-phase line, it will be only 
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8 
T3327 745 per cent! for the three-phase line. The capital 


outlay will be the same for both cases, and, for pressures in the 
economical range, the total cost will run to some $20,000 per 
mile of average distance, or $700,000 for the complete high- 
pressure system." Theannual outlay for interest, right-of-way, 
upkeep, and ultimate renewals may be taken at 12 per cent. 
This amounts to 700,000 x 0.12 = $84,000 perannum. If 150 mil- 
lion kw-hr. are annually delivered at the distant end of the line, 
then the line loss is, for the three-phase proposition, 


150,000,000 
0.955 
and for the single-phase proposition it is, 


150,000,000 
0.92 


— 150,000,000 = 7,000,000 kw-hr. 


— 150,000,000 = 13,000,000 kw-hr. 


10. In the following estimate I am assuming that in the single-phase 
proposition, the pressure between conductors will be 15 per cent higher 
than in the three-phase line. If I imposed the condition that the pressure 
between conductors should be no greater than in the case of the three- 
phase proposition, then the line loss would be (for the same total cross- 
section of copper in the two cases): 


For the three-phase line, 4.5 per cent. 
« “single-phase line, 1.15? X8.0=10.6 per cent, 


But for overhead transmission lines there is no sufficient reason for not 
adopting the higher pressure in the case of the single-phase proposition. 
But a consideration of this point brings out strongly the desirability of 
employing step-up and step-down transformers in single-phase trans- 
mission lines of any considerable length and for any considerable amounts 
of power. The proposition to employ the generator pressure on the 
transmission line will usually lead to severe limitations as regards the 
distance between generating stations. In our propositions, the econom- 
ical pressure between lines will be of the order of: 


30,000 volts for the three-phase line 
35,000 “ “ “ single-phase line 


If the single-phase line had also been restricted to 30,000 volts, the loss 
in it would have been 10.6 per cent instead of 8 per cent. 

11. Opinions will differ with regard to the appropriate outlay per mile 
for transmitting the quantity of energy under consideration. For rail- 
way purposes a distinctly liberal construction would seem justified. 
However, instead of regarding this transmission as a straight run of 
35 miles, we may regard it as a transmission line costing $700,000 and. 
involving, when dealing with 150,000,000 kw-hr. per annum, a line loss 
of 8 per cent in the single-phase proposition and of 4.2 per cent in the 
three-phase proposition. 
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The annual cost of the energy lost in the line is: 


Three-phase 7,000,000 0.00810= $56,700 
Single-phase 13,000,000 x0 .00854 = $111,000 


The total costs associated with the transmission are: 


Three-phase $84,000+ $56,700 = $140,700 
Single-phase $84,000+ $111,000 = $195,000 
Reducing this to the cost per kw-hr. delivered, we have: 
140,700 x 100 
150,000,000 


195,000 x 100 
150,000,000 


Three-phase =0.094 per kw-hr. 


Single-phase =0.130 per kw-hr. 
This gives us for the cost of the electricity as delivered at high 
pressure at the distant end of the line: 


Three-phase 0.810+0.094=0.904 cent per kw-hr. 
Single-phase 0.854+0.130=0.984 cent per kw-hr. 


At this point, the cost of the single-phase electricity is 9.0 
per cent greater than the cost of the three-phase electricity. 
But in stepping-down the pressure for distribution to railways, 
the single-phase electricity need only be passed through static 
transformers. These will be more numerous and smaller than 
those required for stepping-up the entire output of the generating 
station. Their purchase price can appropriately be taken at 
$4 per kv-a. and their aggregate rated capacity will be about 


1.5X 48,000 X 1.33 =96,000 kv-a. 


The further outlay for buildings and switch gear for these single- 
phase substations or distributing cabins may be taken as $0.30 
per kv-a. Thus the outlay for step-down transformers together 
with buildings and switch gear will be: 


96,000 x (4.00+-0 .30) = $412,000 


The annual losses in the step-down transformers may be taken 
as 3 per cent of the energy delivered to them in the case of the 
three-phase transformers and as (1.33X3=) 4 per cent of the 
energy delivered to them in the case of the single-phase trans- 
formers, their annual efficiencies thus being taken as 97.0 per 
cent and 96.0 per cent respectively. As this is the final trans- 
formation, let us make a rough estimate of the losses incurred, 
and at the various stages. 
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Up to and including the steam turbines the two propositions 
have the same efficiency. That is to say, for the consumption 
of a given quantity of coal, the same amount of energy will in 
both cases be delivered to the generators. From this point 
onward, the efficiencies are of the percentages set forth in the 
following table: 


Three-phase and Single-phase and 

unity power-factor 0.75 power-factor 
Generatorses ocnanjteet ae oes 0.974 0.948 
Step-up transformers......... 0.975 0.967 
High-pressure line. . Mikeyons fea 0.955 0.920 
Step-down crahsbocria st : 0.970 0.960 

Synchronous converters (fora a 

load factor of 0.50)....... 0930 tee ek 


The aggregate “‘ annual ”’ efficiencies from the steam turbines 
up to the points where the electricity is delivered into the dis- 
tribution system, are obtained as follows: 

Three-phase system with synchronous converters and with 
unity power factor, 


0.974X0.975 X0.955 X0.970 X0.930 =0.816, =81.6 per cent. 
Single-phase system with 0.75 power factor: 
0.948 X 0.967 X 0.920 X0.960 =0.810, =81 per cent. 


Thus quite contrary to the usual belief, the single-phase 
system has, in such a case as that which I have worked through, 
no greater overall efficiency than the three- phase system with 
rotary-converter substations.” 

If we start from the basis that about 167 million kw-hr. of 
energy are annually delivered from the steam turbines to the 


12. It may be of interest to call attention to the efficiencies obtained 
on the West Jersey and Seashore Railroad. The figures apply to the 
efficiency from the ‘‘ Power Station Bus to Substation Bus” and are 
given on p. 1390 of the Transactions A.I.E.E. Vol. XXX, 1911, in the 
course of a paper by Mr. B. F. Wood entitled ‘‘ Electrical Operation of 


the West Jersey and Seashore Railway.’’ The results are as follows: 
Year of Annual output from Efficiency between power 
Operation generating station station bus and substa- 
tion bus 
1907 | 21,100,000 kw-hr. 72.2 per cent 
1908 22,900,000 “ on Simeie ss 
1909 23,600,000 “ Sib cpewGs <s 
1910 28,300,000 “ Sis Gate aa 


It is to be observed that these figures related to a much smaller system 
than the one I have selected for my calculations. On the other hand, 
my figure of 81.6 per cent includes 2.6 per cent in the main generators 
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generators, then, in both propositions, the amount finally 
delivered to the distribution system is just about 


0.81 167,000,000 = 135,000,000 kw-hr. per annum 


In the three-phase proposition, the three-phase current is 
transformed into continuous current in synchronous sub- 
stations. For a load factor of 0.50 a liberal figure for the aggre- 
gate rated capacity of these substations is 


1.50 48,000 = 72,000 kw. 
At $20 per kw., the total outlay for substations amounts to 


20 X 72,000 = $1,440,000 


Taking interest, insurance, taxes, maintenance and ultimate 
renewal at 13 per cent the annual outlay amounts to 


0.13 1,440,000 = $187,000 


The annual efficiency of the substations is 90 per cent and the 
loss per annum amounts to 


135,000,000 


0 SG: 135,000,000 = 15,000,000 kw-hr. 


This loss represents a cost of 


15,000,000 


100 x 0.904 = $136,000 


Wages, oil and stores will, (see table on p.117,) amount to an 
annual outlay of some 


0.0010 X 135,000,000 = $135,000 


and 2.5 per cent in the step-up transformers. Consequently for the 
efficiency from the high-pressure bus in the generating station to the 
substation bus, my result would be 


0.816 X100 


0.974X0.975 9 per cent. 


On the West Jersey & Seashore Railroad, the transmission line is 60 
miles (96.5 km.) in length and presumably the line loss is greater than 
would be appropriate in the hypothetical case which I have taken asa 
basis for my estimate. If my line loss were doubled, the above figure 
of 86.0 per cent would come down to 81.5 per cent. 
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Thus the total annual outlay which should be allocated to the 
synchronous substations is 


$187,000 + $136 ,000+ $135,000 = $458,000, or 


458,000 x 100 

135,000,000 
substations. 

This brings the cost of the electricity, at the outgoing cables 
from the substation, up to 
0.904+0.339=1.243 cents per kw-hr., or, say, 1.25 cents 
per kw-hr. 

Now let us return to the single-phase proposition. The 
annual capital outlay on account of interest, insurance, taxes, 
maintenance and ultimate renewal of the step-down trans- 
formers and buildings and switch gear may be taken as 


$412,000 X 0.10 = $41,200 


this being 10 per cent on the capital outlay. The losses in them 
amount, per year, to 


=0.339 cent per kw-hr. delivered from the 


135,000,000 


Thee 135,000,000 = 5,800,000 kw-hr. 


These represent an annual outlay of 


0.984 X 5,800,000 
100 


which, added to the capital outlay, makes the total annual 
outlay associated with the step-down transformers (allowing 
nothing for wages at the step-down substations), 


$41,200-+ $57,000 = $98,200 or 


98,200 X 100 
- 135,000,000 


This brings the final cost of the single-phase electricity to 


0.984+0.073=1.057 cent per kw-hr. or, say, 
1.06 cents per kw-hr. 


= $57,000 


=0.078 cent per kw-hr. 


Thus we have: 
Cost of continuous current as delivered from the syn- 


chronous substations 
1.25 cents per kw-hr. 
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Cost of single-phase electricity as delivered from the secondaries 
of the step-down transformers in the distributing cabins 


1.06 cents per kw-hr. 


1.25 
Log 72:18 


Thus it is seen that for the 0.50 load-factor case we have con- 
sidered, the continuous current can be provided at a cost of the 
order of only some 18 per cent greater than the cost of the single- 
phase electricity and at the same overall efficiency from the 
coal pile to the distribution system. The capital cost in the 
two cases is shown in the following table: 

Three-phase unity Single-phase, 0.75 


power-factor power-factor 
proposition proposition 
Generating station...............e00.- $3,360,000 $3,660,000 
Step-up transformers..............-.-- 120,000 160,000 
‘Transmission ines. ter. cre clsunit sistas eee 700,000 700,000 
Distributing cabins with stationary 
step-down trams........++++e++- Hee clacton 412,000 
Synchronous substations with step-down 
trans. and synchronous converters. 1,440,000" 4 Os eweeacte 
Totalcapital cast aes staicts octareimterce $5,620,000 $4,932,000 


To more readily grasp the general significance of these results 
we may use the following approximations: 


Three-phase, $5,700,000 
Single-phase, $5,000,000 


These two figures are for the same quantity of electricity deliv- 
ered annually to the distributing system in the two cases and 
not for a given result as regards the quantity of freight or pas- 
sengers transported. 

I have worked through corresponding estimates for a load 
factor of only 0.25 at the substations and have brought the 
results of this and of the preceding calculation into the follow- 
ing table: 


Total capital cost 1 


Load factor atthe substations... ... 0... 6 «sesene es 0.50 0.25 
be Kis | KOMET QOneraving SRURUlON swe ce elec ate 0.50 0.50 
‘ ‘ CON ELEC. s.5 wv .eeleideres 1.25 cents 1.40 cents 
Cost ak potas ob Sebyeny lisiagtiepnads Siecd. cos Sloe 20) Gog © 

Per cent greater cost of cont. elec..............05- 18 per cent 30 per cent 
“Annual” efficiency | Cont."elec...............005: 0.90 0.85 
of substation | Single-phase elec........5..... 0.96 0.95 
“ Annual " eff. from steam a Cont elec.c) ee 0.81 0.76 
bines to distribution system |! Single-phase elec.... 0.81 0.80 
Total capital cost | Cont. Gl6Gis aa cee eee $5,700,000 $6,150,000 
Single-phase elec.......... 5,000,000 5,130,000 


Percentage greater capital cost in cont. elec. case.... 14 per cent 20 per cent 
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It does not come within the scope of this paper to deal with 
the relative costs and losses in the distribution system between 
the substations and the trains, nor with the relative weights, 
costs and efficiencies of the electrical equipment required on the 
rolling stock in the two respective systems. These matters 
have already come in for very thorough discussion on many 
recent occasions. On these occasions the rolling stock conditions 
have been dealt with quantitatively and with considerable 
precision, and, in general, show that the single-phase system 
requires a very much higher outlay for rolling-stock equipment 
than is required when the continuous-current system is em- 
ployed. 

But in the matter of the generating and transmitting systems, 
the assumptions made have often been of a rough character, 
since it was recognized that the rolling stock was usually the 
determining factor in the situation. This has led to the preva- 
lence of misleading impressions and it is the mission of this 
paper to replace these misleading impressions by more reason- 
able data. 

We see from the results that in so far as the train service is 
of a character permitting of a substation load factor of as high 
as 0.50, the overall efficiency from the steam turbines to the 
outgoing cables from the substations is substantially the same 
for the single-phase as for the three-phase proposition in the 
typical instance to which the estimates apply, and that even for 
so low a substation load-factor as 0.25, the overall annual 
efficiency between steam turbines and distributing system is 
still only 4 per cent greater in the single-phase system. 

In determining upon the appropriate system for any given train 
service, the single-phase system’s (usually) slightly lower capital 
cost in respect to the sum of the costs of the generating, trans- 
mitting and substation outlays, must be studied in comparison 
with its very much higher capital cost in respect to the rolling 
stock equipment. The capital cost of the rolling stock equip- 
ment is usually very much greater for the single-phase system 
than for the continuous current system. Obviously with a 
sparse service of through trains, the single-phase system shows 
up to less striking disadvantage than for a frequent service of 
trains making many stops, and extreme cases may arise where 
the single-phase system should be employed. The data set 
forth in the table on p: 134 show the importance of providing 
a high load factor at the substations. For a given train service, 
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the load factor is higher the greater the distance between sub- 
stations. It has now been thoroughly demonstrated that high- 
pressure continuous-current electricity is eminently suitable for 
the operation of suburban railway trains and that for such a 
service, it permits of amply great distance between neighboring 
substations to provide a high load factor. But for freight service 
and for operating long-distance express trains, the conditions 
imposed are of a character where single-phase methods do not 
show up to so great disadvantage when compared with con- 
tinuous current methods. Nevertheless, the recent developments 
with high-pressure continuous-current substations have shown 
that it is appropriate even for very sparse services of freight 
and express-passenger trains. 

Cases, however, may arise where the best plan of procedure 
will be to employ both systems. In such cases, the freight trains 
and the express passenger-trains can be hauled by single-phase 
locomotives while the motive power for suburban passenger- 
trains can be provided in trains composed of appropriate com- 
binations of motor cars and trailers. 

For the estimates where the substation load-factor is 0.50, 
the make-up of the final cost of the electricity delivered to the 
distributing system is tabulated below: 

Three-phase Single-phase 


proposition proposition 
Cost of the electricity when delivered to the step-up 


SPAAST OLN CLS nuiais sha tee ieee aera ek asia ee ea 0.783 cent 0.817 cent 
Cost associated with the step-up transformers...... 0.027 * CL037 «= 
Cost associated with the transmission line.......... 0.094 * 0.130....5 
Cost associated with the substations............... 0.339 * O.0%S .= 
Total CoOgt iia tavalsa ME ae heme ap ts kabel ok Oe (1.243 cent) (1.057 cent) 

Leone 1:06. = 


At this point I am tempted to include mention of the con- 
sequences which would result from the development of large 
static-rectifier sets. It would appear that those of the mercury- 
arc type will be at least equally small and efficient at high 
periodicities as at low periodicities. If further developments 
bear out this indication, then the use of mercury-arc rectifiers in 
substations as an alternative to synchronous converters will 
permit (when the periodicity is not fixed by other conditions) 
of employing periodicities of 60 cycles per second with the 
associated advantages as regards lower price and higher efficiency 
of the step-down transformers. On this plan, the transmission 
would continue to be polyphase. But if, (as some single-phase 
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advocates propose) static rectifiers are placed on the train and 
employed to supply continuous-current motors, the difficulties 
relating to the impedance of steel rails would continue to neces- 
sitate the use of low periodicities such as 25 or even 15 cycles per 
second, or else it will be necessary to supply liberal copper 
feeders tapped off to the rails at frequent intervals. 

The indications are that the commercial development of 
static rectifiers of large capacity will increase the . range 
of appropriate application of the three-phase system with sub- 
stations and employing continuous-current motors on the trains, 
or, conversely, and contrary to the usual prediction, will greatly 
narrow the range where the single-phase system is economically 
more appropriate. But the chief cause for satisfaction and one 
which will be shared by all electrical engineers is that any such 
development of static rectifiers will increase the range of work 
where electrical methods of operating trains will be economically 
more appropriate than steam locomotive methods. Judging from 
the properties of mercury arc rectifiers, large polyphase static 
rectifiers will be not only more efficient than, but also consider- 
ably cheaper than the equivalent synchronous converters, and 
this together with the probable practicability of employing a 
periodicity of 60 cycles per second will materially decrease the 
cost of the electricity required for given train operations. 

I am aware that it will be maintained that in my estimates 
I have handicapped the single-phase proposition with step-up 
and step-down transformers. Now it should be pointed out 
that any really large railway electrification propositions will be 
associated with transmission at a much higher pressure than 
will be appropriate for the generators or for the trains. To 
dispense with step-up and step-down transformers will either 
unduly increase the cost of the extra-high-pressure generators 
and of the distribution system, or else it will lead to the use of 
a system employing some 11,000 volts for generation, trans- 
mission and distribution. In this latter case, generating stations 
will have to be located near the railway line and at comparatively 

13. Thus in the 0.50 load-factor estimate, the capital outlay for sub- 
stations accounted for $1,440,000 out of the $5,700,000 aggregate outlay 
for generating station, transmission line and substations. Cutting the 
substation outlay in halves reduces the aggregate outlay to $5,000,000, 
the figure arrived at in the single-phase estimate. The annual efficiency 
from steam-turbines to the outgoing cables from the substations would 
become about 84 per cent as against the figure of 81 per cent for the ° 
equivalent single-phase proposition, 
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frequent intervals.4 For the sake of obtaining at the generating 
station the advantages of a high load factor, it is important to 
supply from a single generating station as extensive a system as 
possible, and the accomplishment of this object is defeated by 
substituting several smaller generating stations of relatively low 
pressure in order to avoid employing transformers. Such restric- 
tions would be a handicap to large railway electrification work 
dealing with freight and express-passenger traffic and yet it is 
for precisely this class of work that the single-phase is economi- 
cally at a minimum of disadvantage in comparison with the three- 
phase system with synchronous converter substations. 

The primary object of this paper is to indicate methods and 
supply data of a character to assist in arriving at the economic 
boundary line between the two leading systems of railway 
electrification. I wish engineers could realize how satisfactorily 
the two systems can be worked together when desirable. Con- 
ductor rails supplied from synchronous converter substations 
constitute the means of providing the electricity required by the 
frequent service of suburban multiple-unit trains. These 
conductor rails will extend 20, 30, 40, or more miles (382, 48, 
64 km.) from the termini in large cities. As the suburbs are 
built up, the system will be carried out further, the economic 
limit being readily determined for any particular case. Right 
from the terminus the overhead contact line can very readily 
also be provided if it is considered desirable that single-phase 
locomotives shall haul the freight and express passenger trains 
when the conditions are such that this traffic can be handled 
as economically by electrical as by steam-locomotive methods. 

The Liverpool-Southport section of the Lancashire and 
Yorkshire Railway has been operated for the last eight years 
by the three-phase system with synchronous converter sub- 
stations. This section comprises 18 miles of route. Mr J. A. 
F. Aspinall, the general manager of this railway, states (see 
p. 64 of the Minutes of the Proc. of the Inst. of Civil Engrs. for 
November 1911) that ‘at Liverpool and at Southport and more 

14. The adoption of a definite and relatively low pressure such as 
11,000 volts for the entire system will impose serious restrictions on the 
location of the generating station as regards site, and cost of supplies of 
coal and water. It will also involve departure from the most economical 
transmission line, whereas with the freedom secured by employing step- 
up and step-down transformers, the transmission line can be proportioned 
in each instance for maximum resultant economy where both capital 


and operating costs are taken into account. Furthermore the use of 11,000- 
volt single-phase generators necessitates insulating them more liberally 
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particularly at Sandhills Junction, where all the goods-traffic 
is dealt with, there are more crossings and points and through 
crossings to the acre than at any other place in the kingdom.” 
The freight traffic is still handled by steam locomotives over the 
electrically equipped track, only the short-distance passenger 
traffic being operated from the third rail. After eight years of 
experience with this line Mr. Aspinall does not hesitate in 
expressing at p. 64 of the Proc. of the Inst. of Civil Engrs. for 
November 1911, in the course of the discussion of a railway elec- 
trification paper by an advocate of the exclusive use of the single- 
phase system, the following opinion: ‘‘ In another portion of the 
paper the author said it was quite inconceivable that satis- 
factory results could be obtained by installing a double system, 
one to work only short-distance traffic and the other long- 
distance traffic. With that he did not agree. If the author 
meant by that the system which is in use on the New York 
Central in New York, where there were two systems working 
off a third rail, possibly there were difficulties; but if, on the 
other hand, it was the right thing to have a single-phase system 
for long-distance traffic, he could see no difficulty whatever in 
fitting up the Liverpool Terminus with wires overhead for deal- 
ing with long-distance traffic, leaving the third rails where they 
were for dealing with suburban traffic. The suburban traffic 
required its own special form of rolling stock, quite different 
from the stock for long-distance traffic, and the long-distance 
traffic would be hauled by electric locomotives. There would 
be no difficulty about the two systems coming into the station, 
while there would be the advantage that the same superintend- 
ents, the same staff, the same generating-station, and the same 
boilers, with some difference in the machinery, would apply to 
both. But whether the single-phase system, or the three-phase 
system, or the direct-current system was the right one to adopt, 
surely nobody who was responsible for the management of any 
railway in England would be so foolish as to pin his faith in 
present circumstances to any one of them. Surely it was not 
possible that finality had been reached with any one. If there 
were defects in any system those defects would be put right, and 


than otherwise-identical three-phase generators when used for a three- 


11000 ; 
phase load, since instead of only Ce ) = 6350 volts to ground, as int he 


three-phase generators, we shall have in the single-phase generators 
11,000 volts to ground. The mechanical s‘resses are also greater, since short- 
circuits at the railway are taken directly by the generating station. 
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with the rapid changes that were taking place in connection with 
all electrical machinery, it could not be supposed that a rigid 
finality in the matter had been reached. Therefore, to say that 
the best system was any one of those three seemed to him to 
be wrong.” ; 

At present it is with respect to the suburban traffic that 
the superiority of electrical over steam-locomotive methods 
is most striking, and for such traffic it is undesirable to 
handicap electrical propositions by adopting the distinctly 
less economical means afforded by the single-phase sys- 
tem. This latter system is more in its element for freight 
service and for express-passenger service although for these 
classes of traffic, the steam locomotive is usually still the 
most appropriate at the present stage of development. But in 
many districts, railways can purchase their electricity from 
existing electricity supply companies which already have large 
loads of low power factor and lagging in phase. In such in- 
stances it is of no inconsiderable advantage to the electricity 
supply companies that the railway load shall lead in phase and 
thus in a certain measure offset the lagging load of their present 
supply. This is accomplished with synchronous converter or 
motor-generator substations. The trains may be few and far 
between but the synchronous machinery in the substations will 
exert a decidedly beneficial effect if operated at such over- 
excitation as to raise the power factor of the system. It has 
often been considered that unless the trains passed at fairly 
frequent intervals, the ‘capital outlay for substations and their 
light-load losses militated severely against electrical propulsion. 
But in the light of present developments of large power supply 
companies we see that such synchronous substations serve not 
only the useful purpose of supplying electricity for the propulsion 
of trains, but that they also serve a valuable purpose when they 
are otherwise idle, in that they can be adjusted to improve the 
power factor of the system. When due consideration is given 
to this double function, it is evident that supply companies can 
profit by selling electricity at a very low figure under these 
conditions. Indeed in view of the advantages to which attention 
has just been drawn, it is evident that the large power supply 
company can profit when selling electricity at a decidedly lower 
price than that at which a railway company could generate it 
for the exclusive supply of a sparse service of heavy trains, since 
such exclusive installations would have a very poor load factor 
and consequently a relatively high capital cost. These con- 
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siderations, regarding which it is difficult to generalize, tend 
strongly toward rendering the hi gh-pressure continuous-electricity 
substation method preferable even for a sparse train service. 

Until recently I have been of the opinion that while the 
three-phase-continuous-current system is out of all proportion 
the most economical for dealing with a dense service of trains 
making frequent stops, the other extreme, namely, a sparse 
service of heavy, through trains, could be at least as efficiently 
handled by the single-phase system. But the very successful 
results which are attending the employment of high-pressure- 
continuous-current and the clearer recognition of the disabilities 
of the single-phase system at all parts of the proposition and not 
only in the rolling stock equipment, have served to satisfy me 
that the three-phase continuous-current system is appropriate 
for a very wide range of railway work. 

As is well known, it has been stoutly maintained by some 
engineers that single-phase current is the most suitable for all 
railway electrification projects. I contend that the continuous- 
current has much greater claims to be thus designated.¥ 
The continuous-current system is distinctly more economical 
than the single-phase system when employed for dense urban 
and suburban sections of a railway. When all the commercial 
factors are taken into consideration, it is now realized that it is 
rarely less economical than the single-phase system even for 
roads characterized by an exceedingly sparse traffic of heavy 
freight and express passenger trains. If, therefore the advantages 
of uniformity should ultimately be found important, then there 
are the best of reasons that the selected system should be the 
continuous-current system. 


15. In the course of the discussion of this subject on a former occasion 
I have put the matter as follows: (see p. 1289 of Proc. Inst. Mech. Engrs. 
for 1910) ‘‘ If when, and wherever the single-phase system is developed 
to the point of being useful on the main-line railroads, there will be no 
appreciable difficulties in using it in such cases in conjunction with the 
use of the continuous-electricity system. It is precisely in this matter of 
flexibility that electrical methods excel. Almost any desired trans- 
formation with respect to the precise kind of electricity can be readily 
effected, and usually at high efficiency ana reasonable capital cost. Thus 
the case for proceeding with a scheme of rigorous standardization is by 
no means urgent. In so far, however, as there should be any need for 
standardization, since the most extensive field for electrification is much 
more economically filled by the continuous than by the single-phase 
system, the former system is the one which should be standardized.”’ 
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Discussion ON ‘“! RELATIVE COSTS AND OPERATING EFFI- 
CIENCIES OF POLYPHASE AND SINGLE-PHASE GENERATING 
AND TRANSMITTING SysTEMS.’”? (HoBART) Boston, Mass., 
Fesruary 21, 1912. 


W.C. Smith: Mr. Hobart has given us some very interesting 
figures on a phase of the railway problem which has been very 
little touched upon. I will add a few comments from the trans- 
former standpoint. Let us take first the step-up transformers. 
We have, as Mr. Hobart has shown, 48,000 kw. to transform. 
The development of the transformer has kept pace with 
that of the generator and turbine, so that there would be no 
difficulty in providing three-phase units to transform the 
48,000 kw. in 8000, 10,000 or 12,000-kw. sizes. These trans- 
formers would be water cooled, no doubt, and would cost, as 
Mr. Hobart has said, about $2.50 per kv-a. We might take 
8000 kv-a. for the capacity of each unit, one transformer corres- 
ponding to each turbine, so we would have six 8000-kv-a. three- 
phase units. Now in the single-phase station we should probably 
not employ over 4000 to 5000 kv-a. transformers. It is possible 
to secure bids today up to 6000 kv-a. but I think we can take 
4000 for the units which would be chosen for this case. Since 
75 per cent power factor has been set, we would have sixteen 
4000-kv-a. units, which would probably also be water cooled. 
The high-tension side of the transformers would be 35,000-volt 
on the single-phase system and 30,000-volt on the three-phase, 
as Mr. Hobart has pointed out. He has also mentioned a few 
places where the single-phase situation has been aided by 
neglecting certain points. I might state here another point. If 
we have sixteen 4000-kv-a. units it is going to take a much 
greater space, and the piping arrangements, etc., will be 
much more in amount than for the three-phase, and altogether 
the station would have to be enlarged to some considerable 
extent over that for three phase. On the other end of 
the line on the three-phase side, the bulk of the transformers 
and converters are stated in one amount of $20 per kv-a. 
Probably the transformers would cost in the neighborhood of 
$3.25 or $3.50 per kv-a., depending on the size. Would we 
not need more substations on the d-c. line than on the single- 
phase line? Not being a railway man, it would appear to me 
that the single-phase would not need as many substations as 
the d-c. line. However, assuming the same number of stations, 
we can state that the units would be three-phase and perhaps 
air blast, or water cooled, depending on the local conditions. 
The transformers would to-day probably be called for with 
inherent reactance to take care of compounding the converters. 
Up to a few years ago it was necessary to supply external reac- 
tances for compounding converters, so that perhaps the cost could 
be cut down somewhat now, due to the fact that we have our 
compounding reactance as an inherent part of the transformer. 
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Going to the single-phase substations, unquestionably these 
should be without attendants, which means self-cooled units. 
Self-cooled units within the last few years have been developed 
so that there would be no trouble in providing transformers of 
1500 to 3000 kv-a., and I think we could take about 2000 kv-a. 
as the size that would be ordered under present conditions. 
With 64,000 kv-a. to be transformed, we would have 32 units. 
The cost of these was taken at $4 per kv-a. I at first 
considered this too high. However, on second thought, 
considering that the transformers are self-cooled and that 
it has only been by very recent developments that we 
have gone up to such sizes, it is probable that $4 as 
compared with the $2.50 is an approximate figure. 

Mr. Hobart pointed out the fact that three-phase units are 
cheaper than single phase. That may be taken wrongly, and I 
wish to say that a three-phase unit of the same capacity will 
cost some 15 per cent more than a single-phase, but three 
single-phase units having the same aggregate capacity as one 
three-phase unit will probably cost 10 to 15 per cent more than 
one three-phase unit. Then there is the question of voltage. 
On the three-phase and d-c. system, we have 30,000 for the high- 
tension line. The secondary would be in the neighborhood of 800 
to 1000, depending on whether the direct current was 1200 or 1500 
volts. On the other hand the single-phase would be 11,000 in all 
probability. At first thought the 11,000-volt secondaries would 
cost more than the 1000-volt,and I believe Mr. Hobart so 
stated, but I doubt if the cost would be more in the large units 
that we are considering, like 2000 kv-a., and I believe that the 
11,000-volt secondary would be perhaps 3 to 5 per cent cheaper 
than the lower voltage, due to the very heavy current on such 
large capacities. I will close with one other comment. The 
last point brought out in Mr. Hobart’s paper refers to the de- 
velopment of the static converter or rectifier. I wish to point 
out from a transformer standpoint the fact that the employment 
of static rectifiers would permit the use of 60 cycles, as he has 
stated, rather than 25 cycles. If this is accomplished, and the 
rectifier is developed to a stage where it can be used for such 
work, and 60 cycles is adopted, I wish to point out that the 
transformers would be some 15 to 20 per cent cheaper than 
those quoted in the paper, which are 25-cycle transformers. 
In other words, that change in frequency will allow of 15 to 20 
per cent saving in the transformers. This isa considerable item. 

C. M. Green: What is the comparative efficiency of the two? 

W.C. Smith: Before answering that I would like to get an 
idea from Mr. Hobart as to my assumption that the three-phase 
_ synchronous converter stations would be about the same capacity 
as the single-phase. j 

H. M. Hobart: It is my opinion that the greater drop in 
the line with alternating current, owing largely to skin effect in 
the rails, and the desirability from the operating standpoint, 
of cutting the line up into sections would make it well to have 
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numerous substations. I do not see why you should forego that 
advantage in the number of single-phase substations, even though 
you have 11,000 volts. The system will comprise a great many 
route miles and I hardly think it would be expedient for a rail- 
way with the very dense traffic considered in this paper, not to be 
able to cut up its line into as small sections as, at most, ten miles, 
whatever system is used. 

C. M. Green: Do I understand you to mean ten miles from 
the station or place the station in the middle? - 

H. M. Hobart: I mean along the line of the railway. I 
think you would want to divide that up into ten mile stations 
anyway for a line with such heavy traffic as that with which my 
paper deals. 

W.C. Smith: I mentioned the fact that three-phase trans- 
formers would cost less than single-phase transformers of the 
same aggregate capacity. It is also true that at the present 
time they would probably be more efficient; so that, choosing 
arbitrarily the three-phase at 8000 and single phase at 4000 
kv-a., the probabilities are that the efficiencies would be about 
the same in the two systems. I think that would amount to a 
small consideration. 

B. A. Behrend: I have consistently refrained in the past from 
expressing my personal opinion on the merits or demerits of the 
single-phase system as such, or of any particular part of the 
single-phase system, as the generating station, the transformer 
station, the substations, locomotives, etc. Perhaps few men have 
been so privileged as myself in obtaining an insight into the 
operation and also the construction and design, as well as cost 
and the waste of thought, labor and money expended in single- 
phase electrification, as I have, but I have resisted the great 
temptation for the last seven years in particular and for the last 
twenty years in general, to airmy views in public. Mr. Hobart’s 
judicial paper, treating this subject in a manner which takes it 
out of the range of polemics, allows me to express my opinion 
without compromising myself or the large manufacturing - 
institutions with which I used to be connected for a great many 
years. 

First allow me to express my entire agreement with Mr. 
Hobart’s results. I believe he has stated these very fairly as to 
the cost of the generating stations. I believe his statement is not 
quite correct that units for three-phase current generation of 
15,000 or 16,000 kw. at 1500 rev. per min. represent the limit 
at that particular speed. I myself worked out a year and a half 
ago a 25,000 kw. unit which, if it should ever be built, I have not 
the slightest hesitation in saying would be successful, and within 
the conservative guarantees as to temperature rise which it is 
now customary to make. I believe Mr. Hobart has given us an 
excellent summary, and after saying this, allow me to make a few 
critical remarks. 


My criticism first of all is this, that the paper deals with but 
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one-half of the problem, and unfortunately the least important 
half, The generating station, electric generators, transformers 
and the line, to my mind, are a mere bagatelle in comparison 
with the problem at the other end, the locomotive, etc. The 
problem of operating your locomotives successfully after you 
have built them is more important. Mr. Hobart’s paper is dis- 
tinctly analytic and analyzes the problem up to the critical point 
—the locomotive. The method of analysis is distinctly orthodox. 
The single-phase system has come into large use. I designed some 
single-phase generators in 1892, and my master designed some 
22 years ago, which are still in operation. Mr. Hobart knows 
of one large successful single-phase power plant at Frankfort 
on the Main, built in 1892. We must take a heterodox view 
if we are to look at the single-phase system from the right angle. 
We must go back on the rules of standardization of the American 
Institute of Electrical Engineers. We must forget temperature 
rises as measured by thermometers. We must forget a great 
many things about electric generators and motors. Unless we 
do so, unless we turn heterodox, viewing this whole problem 
from a practical angle, we cannot understand the single-phase 
system, why it came and why it has done such wonderful good 
to the electrical engineering industry. I say we must become 
heterodox. Why? First take the generators—they are very 
large. Mr. Hobart is right in regard to his diagram only to 
some extent. Mr. Hobart shows two machines at 4000 kw. I 
would substitute one of 8000, which would reduce our cost a 
little. We should obtain a somewhat greater simplicity, which 
is quite essential. That is a minor matter, however, and does not 
enter into our argument, because the cost of the power station 
would be only 10 per cent greater. We must not figure in 
hundreds when our investment is in millions, and the money a 
railroad has to invest in a problem is not measured by the cost of 
the power house. Let your power house be twice as expensive 
and it will be still all right, if the operation of the 
locomotives and everything else were ideal; so I say we must 
be heterodox. We must size up the whole situation and view 
it not only as the power station—not important alone—or the 
locomotives—not important alone—but we must take the whole 
problem and view it as a unit. If the power house breaks down 
because the electric generators are not designed properly or 
because some important things are overlooked, very well, 
change it, and you may be able to obtain a successful generation 
of power. Let me assure you that after a great many trials 
and a great many mistakes one of the large corporations in this 
country engaged in the manufacturing of machinery, succeeded 
in making the New Haven road a success. I hold no brief for 
this company or for the New Haven road, but I do want to 
reiterate that the success of that single-phase power transmission 
from Woodlawn to Stamford has been a landmark in the 
engineering business, 
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Now the next step in the solution of the problem is how can 
you simplify it—how can you eliminate sources of trouble. 
Reliability is the whole thing. This must be capitalized—it 
should be expressed in figures. You cannot do it, but let me as- 
sure you that any experienced banker, in trying to form an opinion 
as to whether his client’s funds should be placed in any enter- 
prise, first of all looks not at the financial standing but at the 
personnel connected with the enterprise. It is the personnel 
thatcounts. In regard to this railroad problem, it is the reliability 
of your railroad, of your electrification problem, which counts 
in the end, and that cannot be expressed in figures. 

The last pages of the paper touch a question of polemics again, 
the problem of single-phase railways. As I have said, I hold no 
brief for single-phase railways. I am expressing my opinion for 
what it is worth. My opinion is that the single-phase system has 
a field and that the d-c. system has a field; and I have held 
that opinion for 20 years. The essential point is that both these 
systems have a field, and let us acknowledge those fields. Let 
us have the decency to say that a system is all right under 
certain conditions, but is all wrong under other conditions. Let 
us remember that 1500 volts for railway purposes has not been 
tried out thoroughly. I built a number of those high voltage d-c. 
systems that operate today, with commutators worn fantastic- 
ally—but still going and delivering current—and therefore 
1 believe that the development of the two systems will be side 
by side to some extent. The single-phase system, if all the 
kinks are taken out, which I hope will happen in the end, will have 
its place. Whether it was properly applied in the case of the 
New Haven road I do not know. I would like to ask Mr. Hobart 
whether he would not be so good as to give us his own personal 
views of the single-phase system, taking the whole system 
together, for trunk line electrification? I personally do not 
believe I shall live to see many trunk lines operated by electricity, 
because it will take such an enormous amount of money that I 
fear it will be along time before the railroads can make the 
purchasers willing to defray the expense of these electric problems. 

H. M. Hobart: I do not see why we should use electricity 
where steam is better. I think the continuous-current system 
has its field, the single-phase has its field, and steam its field. 
Electrical transmission is appropriate where you can get a rea- 
sonable load factor. Where you cannot, there are other and 
more simple methods. These other methods may comprise 
the use of electric motors to drive the axles, and still not be elec- 
tricalin the sense of transmitting electricity from a stationary 
generating plant to a moving train. I cannot recommend the 
continuous current system-for all cases. It was in 1910 that 
I mentioned this in discussing a paper entitled ‘‘ The Economics 
of Railway Electrification’? read before the Institution of 
Mechanical Engineers, and which advocated the 1500-volt; 
continuous-electricity system for a road a hundred miles long, 
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with one train per hour in each direction, a stop every three miles 
and a scheduled speed of 33 miles per hour. In my contribution 
to the discussion I stated that for this road the single phase system 
would be cheaper than the continuous, and that steam would 
be cheaper than either. I gave quantitative calculations in 
support of my contention. These will be found on pages 1239 
to 1245 of the Proceedings of the Institution of Mechanical 
Engineers (London), for 1910. 

C.M. Green: It is my purpose to speak of one very small 
section of this important subject, which we have before us for 
discussion, and that is the replacement of the synchronous con- 
verter by the mercury arc rectifier. I have had the good fortune 
for the past six years to be associated with the development of 
the rectifier for series arc lighting up to 9000 volts, 4 amperes, and 
on multiple work up to 350 volts, 40 to 50 amperes. The growth 
of the rectifier has been phenomenal, and I consider the tuture 
brighter than the past. The reliability of service is of the first and 
utmost importance, and the life of rectifier tubes and their service 
varies all the way from absolutely nothing up to over 14,000 
hours, and I should be very much disappointed if in five years 
from now there will not be some tubes which have run over 25,000 
hours, and inside of ten years I predict that we shall have tubes 
in service over 30,000 hours. Seven years ago tomorrow I had 
the privilege of running 60 kw. (10,000 volts and 6 amperes load) 
of electrical energy on a single tube, 25,000 volts alternating 
current across the anodes of the tube. The load for the tube 
was very excessive, however it did not give out during the short 
run. Since that time I have seen very much larger currents 
rectified with lower voltages. I have seen tests run up as high as 
1000 amperes and over 1000 volts, but not at that amperage. 
Frankly speaking, I expect to see the mercury arc rectifier replac- 
ing the synchronous converter for 600 and 1200-volt service for 
railway and other work. It of course means a _ considerable 
amount of development and’ patience on the part of some of the 
operating companies in order that this result may be accom- 
plished. You can readily appreciate that experimentally the 
tests must necessarily be of comparatively short duration for the 
simple reason that the amount of energy required is large, and 
when consumed on water-barrel or resistance load it runs into 
dollars with great rapidity so that after comparatively short tests 
it will be necessary to put the apparatus out into commercial 
service where some use may be made of the rectified energy. This 
furthermore has the advantage that under these conditions the 
rectifier is performing useful work and the expense of operating 
it is almost forgotten. 

A Member: About what power factor would you expect to 
get with a mercury arc rectifier of large capacity on the alterna- 
ting-current supply? 

C.M.Green: Ishould be very much disappointed if we could 
not readily obtain on a three-phase supply a power factor of at 
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least 95 per cent. However, the question of power factor depends 
very largely upon the transformer design and other constants of 
the rectifier, wave distortion, etc. On single-phase rectifiers for 
series arc lighting which requires a certain amount of reactance 
and resistance or impedance in the circuit for successful operation, 
65 per cent is about the highest power factor which is obtainable, 
of an apparent efficiency of approximately 60 per cent, or an 
actual efficiency of from 90 to 92 per cent on 50-light sets, and 
above. The power factor for this apparatus 1s determined almost 
entirely by the load which it is required to operate. In other 
‘words, the situation is more or less similar to operating an arc 
lamp from a direct-current multiple circuit, 110 volts at terminals 
of lamp, about 80 volts atthe arcand about 72.6 per cent efficiency. 
Some designs of series rectifiers give a very bad wave distortion 
of the primary. 2 

Multiple rectifiers for the charging of storage batteries are also 
limited in a certain respect with reference to the power factor. 
In other words, if the apparatus is designed for too high a power 
factor, as the battery is charged the voltage across the terminals 
of the battery rises and the current falls off very rapidly; the set 
drops out and the service is unsatisfactory. 

Rectifiers to replace synchronous converters would not, to the 
best of my knowledge, have any of the above limitations, and I be- 
lieve apparatus could be designed to give a power factor on the 
alternating-current side somewhat above 95 per cent. 

Dugald C. Jackson: I wish to express the interest and satisfac- 
tion which Mr. Hobart’s presentation of his subject has given to 
me. With respect to the conclusions, I imagine that with equally 
reliable data equally well founded on practise, one could come 
to conclusions which would vary considerably from his, and 
yet the final result perhaps would be very little different as be- 
tween the cost of delivering power at a certain point by three-phase 
generator with converter stations on the one hand and single- 
phase generator and transformers on the other hand. But 
when we look at the problem of electric lighting, or electric 
transmission of power and its distribution, or the special problem 
of the electrical utilization of power which comes into the rail- 
way problem, we must recognize that the question of delivering 
the power is not the final criterion. The question of making the 
power available for its purpose in the most satisfactory manner 
for the least reasonable expense is the final criterion, and the 
consequence is that while the old war of the alternating current 
versus the direct current which was waged with great vigor and 
some acrimony many years ago in the electric lighting field 
has recently seemed to break forth again in the electric railway 
field, that phase of the argument does not fairly represent the 
question before electrical engineers. The question is what will 
give us motive power for the railway, industrial power for 
the factory, or service for the electric light that is needed 
respectively, in the most satisfactory manner for the most 
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reasonable expense. It has long since been settled for in- 
dustrial and electric lighting affairs that the direct current has 
many advantages and the alternating current also has many 
advantages—sometimes single-phase and sometimes three- 
phase; neither can occupy the whole field; and I am thoroughly 
convinced that the same thing will be worked out for the rail- 
ways. I have already expressed my opinion on that matter 
before the Institute, especially at the 1911 convention in the 
discussion of similar papers. 

Mr. Behrend is a pessimist in regard to his age in years; I 
will admit that he is an old man measured in accomplishments, but 
I believe he will live to see many trunk roads electrified and I 
therefore must take a certain amount of opposition to his 
standpoint. In respect to the accomplishments that have been 
heretofore brought about by the alternating current in the field 
of electrical transmission of power I can fully agree with him. 

A. E. Kennelly: It is a comfort to find a paper on such a 
complicated subject as this without having to indulge in specula- 
tion as to what may have been in the author’s mind. The old 
controversy of the direct versus the alternating current is still 
with us, and it will be a sad day when it disappears. I look 
forward to the continuance of that discussion with ever new 
delight. This particular paper is only on one aspect of it, 
but it is a very important and practical aspect; and I think the 
conclusions which are brought out here are a surprise to a 
great many. We shall hope that an equally strong paper may 
be written on the other side and we shall enjoy hearing the 
contest continued over that; but whatever may be said in 
regard to the exact figures of three-phase versus single-phase 
power delivered, whatever may be the exact numerical ratio 
in a particular case, this at least is evident; that Mr. Hobart’s 
paper is a plea for eliminating the stray power, I mean reactive 
power. Here are cases where the station applies a certain 
amount of effective power to a track and to a railroad, but in 
the one case a very large amount of reactive power is supplied 
which is not utilized, that is in the single-phase case, whereas 
in the three-phase case very little stray power is generated; 
and this paper is really a plea for eliminating the extravagance 
and the incidental cost of that stray power. The discrepancies 
between the size of the units two to one, the size of the con- 
ductors and the size of the various elements of the conducting 
system are partly due to the fact that there is spare power, 
unutilized power, in the single-phase system. It carries around 
one-third for luck and for reserve, being out of use. Of course 
that is a certain advantage, but it is expensive in size, first cost, 
etc., but in addition to that there is a very large amount of 
power that is not being utilized. If we remember, we are all 
familiar with the fact that on 80 per cent power factor for every 
kilowatt you deliver usefully you are also generating three-fourths 
of a kilowatt that is not being utilized at all, and is simply filling 
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up the machine and utilizing the plant without being dissipated. 
Three quarters of a kilowatt goes into the magnetic field of the 
system, into the motor and other parts of the system, and is 
stored there for a quarter of a cycle, and then comes back in 
the generator. It is as though in a large steam engine there 
were auxiliary elements in the plant that required to be fed 
with a great deal of steam and its heat was dissipated and it 
came back again into the engine. Of course the boilers would 
have to supply the engine and also supply the steam necessary 
for this circuitous auxiliary power. The single-phasers are 
supplying not only the effective energy that is being utilized 
for driving the thrust, but they are also creating a lot of energy 
that is oscillating to and fro in the circuit; and this paper is an 
indication of the misfortune and the extravagance of that proce- 
dure. At the present time that misfortune lies with us, because 
we cannot bring our power factors on this kind of motor above 75 
per cent, whereas with the aid of the converter and the three-phase 
apparatus it is possible to runnearly 100 per cent; but if this single- 
phase motor system should eliminate this extravagant oscillation 
of power which is not being utilized but acts as storage power fora 
hundredth part of a second, the greater part of this difference 
between the apparent cost and the final cost would disappear; 
and if we do not owe Mr. Hobart a vote of thanks for the masterly 
way in which he presented this subject, we certainly do owe 
him a vote of thanks for his dissertation upon low power factor 
and reactive power. 

C.T. Mosman: In reading over Mr. Hobart’s paper the 
principal thing that impressed me was the fact that he appeared 
to be trying to make the strongest possible case for the single- 
phase, whereas I had always supposed that his sympathies were 
the other way. There seemed to be many little items where he 
might have squeezed the single-phase system a little harder, but 
he lets it get by. The other point I want to mention is that I 
have heard several people comment that it would be so much 
better if he had continued and given us the whole story. There 
is one point in his paper that seemed to me rather extravagant 
and that was the figure of $20,000 a mile for line construction, 
which I understood covered the steel tower transmission line. 
I cannot say that I have had experience on these things at 
all, but I should think that $20,000 a mile would come pretty 
near covering all the construction along the right of way for the 
delivery of power to the cars. It would seem large enough for 
that. To me it seems very high for a transmission line. Another 
point is that 30,000 volts would seem very low in figuring out the 
amount of copper necessary to transmit the amount of power he 
is considering. I would like to have him speak a few words as 
to why 60,000 volts would not be a lot better and there would 
be saved a good deal of investment. I made just a rough estimate 
that it was three times too high and that you could build the 
line for nearer $7,000 a mile; and I was surprised that instead 
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of getting 18 per cent in favor of the single-phase I got 18.5 
per cent, so it did not seem to make very much difference and I 
I was considerably disappointed. Coal at $2 a ton struck me as 
being very low. I had an idea that coal in this neighborhood 
would cost between $3 and $3.50 at the fire door and my previous 
impression was that even near the mouth of the mine you proba- 
bly could not get coal for much less than $1.50 and perhaps a 
little more at the furnace door. So I would be very much 
interested in having Mr. Hobart say where $2 a ton applies for 
first class coal. Outside of these minor points it seems to me 
the paper is very well taken and although this part of the dis- 
cussion as applied to railways generally may be a mere bagatelle, 
it is the particular bagatelle that Mr. Hobart was after and he 
~seems to have found it. 

H.M. Hobart: Mr. Smith was quite right in correcting me and 
pointing out that there probably would not be much choice be- 
tween the cost of large transformers whether supplied with 11,000- 
volt secondaries or with 1000-volt secondaries. High pressure 
does not always mean greater cost in transformer construction. 
An exceedingly low pressure transformer in big sizes is one of 
the most difficult things you can undertake. I probably did 
not make myself quite clear on pp. 1386 and 187 in discussing the 
static rectifier and the advantage of 60 cycles. The case is not 
quite as good as it seems at first sight. As has been pointed 
out, there is a certain power factor loss there and you have to 
have your windings proportioned more liberally in conse- 
quence. Certain subsidiary windings must also be provided. 
Probably the transformers for static rectifiers at 60 cycles would 
cost nearly as much as transformers for synchronous converters 
at 25 cycles. If you could employ 60-cycle synchronous con- 
verters you would make a gain, because 60-cycle transformers 
would be lighter and cheaper, but if you substitute static rec- 
tifiers, you would introduce difficulties in power factor which off- 
set part of the gain. But the net advantage in lower first cost 
and greater efficiency of the substation will nevertheless be very 
great. r 

C. M. Green: I doubt if you would go up over 5 per cent. 
There would still be a little advantage in the 60 cycles. 

H.M. Hobart: Coming to Mr. Behrend’s remarks, I did not 
mean to imply that 16,000 kv-a. was an utterly impracticable 
size for a 1500 rev. per min., 25-cycle, three-phase gener- 
ator, but I intended rather to state my opinion that in the 
present state of the art, it would not be the best engineering 
to employ such generators, as they are in the developmental 
stage. Consequently I took 8000 kv-a. and 1500 rev. per 
min. as a conservative upper limit. I wanted to employ 
six generating sets in the station. I then pointed out 
that the single-phase machine if it was in one generator, would 
be equivalent in size to a 16,000 ky-a. three-phase machine. I 
should not consider it approved engineering, at the present stage 
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of development to employ 16,000 kv-a. generators for 1500 
rev. per min. 

B. A. Behrend: There are a number of 15,000-kw. 1500- rev. 
per min. generators in operation now, and I do not know that it 
would be impossible to build within reasonable temperature 
limits 25,000 kw. at this speed. : : 

H. M. Hobart: Nevertheless it is not sound engineering 
to base comparisons on the very uppermost limits that have ever 
been employed. I was pleased to have Mr. Behrend refer to 
the great skill, ingenuity and hard work that has been put 
into the development of the single-phase system. I fully be- 
lieve that there is a field for single-phase, but that most of the 
work that has been done has been misapplied effort; well meant 
but on the wrong track. There is a sort of fatality about the 
single-phase system. In several of the systems for which it 
has been put forward, there does not appear to be much of 
a case for electric transmission to the train. I fully agree 
with Prof. Jackson that all systems are useful, and it. is just 
exactly that standpoint which I felt ought to be upheld as dis- 
tinguished from staking everything on one system, whether 
single-phase, three-phase, or continuous electricity. Dr. 
Kennelly emphasizes the point that the bad features are not so 
much due to its being single-phase as due to its being 75 per cent 
power factor. That is where the greatest disadvantage comes 
in. If the power factor of the three-phase generating and trans- 
mitting plant were 75 per cent instead of unity, the showing 
would be nearly as unfavorable as for single-phase. Mr. 
Mosman spoke of the $20,000 per mile as being too high. The 
transmission system would cost at least $700,000 for a scheme 
of this order of magnitude. The precise cost has to be settled 
according to just how many substations there are and just 
what distance away the generating station is. This, in turn 
would depend on the facilities for getting coal, etc. You 
would so locate your generating station as to minimize these costs 
so long as you did not sacrifice too much advantage in some other 
direction. I was conservative in putting the cost of fuel low, 
and the over-all efficiency of the generating station high, since I 
therein favored the single-phase system. 

W.S. Murray (by letter): I have the following commentary 
and inquiries to make with reference to Mr. Hobart’s paper: 

1. The title of this paper, ‘‘ The Relative Costs and Effi- 
ciencies of Polyphase and Single-Phase Generating and Trans- 
mitting Systems,” does not properly indicate either the scope 
or the object of the paper. The statements in the first and last 
paragraphs with reference to the ‘‘ single-phase railway system ”’ 
and the continuous current system more clearly bring out the 
motive of the author. 

The attempt of the author to disqualify the single-phase 
system for railway electrification is so evident throughout 
the paper that all who read it must take this object for the 
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subject rather than the title given by the author. I consider 
an explanation is due from Mr. Hobart for this inconsistency. 
2. Since the object of the paper is to discuss electric opera- 
tion of railroads, why does Mr. Hobart stop at the substation? 
Note the table of efficiencies he has presented for the two systems. 
On the three-phase side the chain stops at the substation. Is 
there no line loss on the d-c. distribution system? Wireless 
transmissions have made great progress of late, but I doubt 
their practical application in such a case as this. Again, why 
throw in the step-up and step-down transformers on the single- 
phase side? Just because they areon the three-phase? Or because 
it balances the table, thus making four items for each table? 
As a practical example, they are not used in the case of the 
single-phase electrification of the New Haven road. Why charge 
up 8 per cent on line losses for the single-phase side, when, for 
example, our commercial experience allows a loss less than half 
that amount as the total average loss between generators and 
locomotives. 

3. In the history of engineering, can any one point to the 
method Mr. Hobart has used to show the relation between the 
efficiencies of two systems—starting at the power house and 
working toward the railroad? I am glad he stopped at the sub- 
station, for had he arrived at the driving wheels of the train, 
which by the way would have something to do with the schedule, 
his explanations would indeed have been impossible. 

Mr. Hobart starts with 160,000,000 kw-hr. per annum as the 
outputs of the two stations. Now it is manifestly clear that 
unless the efficiencies of the two systems are identical from the 
generators to the driving wheels of the train, if one system 
provides the tractive effort necessary, the other will generate 
either too much or not enough power, depending on whether the 
efficiency of the second system is respectively greater or less 
than the first system. A graphical example of this is as follows: 


r omission 
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In the above figure, A in both systems 1 and 2 represents the 
output of the station. B represents the amount of power that 
must be delivered to the drivers of the trains, and thus system 
1 provides the exact amount needed. System 2, having higher 
efficiency than system 1, not only provides enough power C = B 
for the railroad, but has left over an amount D (not needed). I 
believe this simple diagram will make clear the error Mr. Hobart 
has made in starting toward the driving wheels from the power 
house, rather than vice-versa. 

. Let us reverse the direction now and work from the tractive 
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effort requirements to the generating station, still adhering 
to our simple diagram: 


B = C again represents the power requirements of the rail- 
road. Both systems supply the exact amount required, but now 
note the difference in output between the two stations; the 
A of system 2 no longer equals the A of system 1. 

If, to produce an equal tractive effort, a system employing 
a chain of higher transmission efficiencies requires less output 
than another, is it fair to compare transmission efficiencies 
starting with equal outputs from each station? I think it is 
only necessary for me to point out this erroneous assumption 
to make clear the fact that the deductions must be equally 
erroneous. 

Before leaving the question of transmission efficiencies, let 
us look at a table that has associated with it the facts of actual 
practise, and this time, following the plan as outlined in Fig. 2, 
we will trace the power requirements in the two systems from 
the driving wheels to the steam turbines, starting with—say 
100,000,000 kw-hr. as the necessary driving-wheel power. 


Three-phase d.c. Single-Phase. 

Kw-hr. per Per cent Items Per cent. | Kw-hr. per 
annum efficiency efficiency annum 
100,000,000 Drivers. 100,000,000 
116,150,000 86 Loco. motors. 84 119,050,000 

Loco. transformers. 96.7 123,150,000 
120,400,000 96.7 Loco. resistances. 
132,100,000 91 D-c. line. 
141,400,000 93.5 Synchronous converters. 
145,000,000 97.5 Step-down transformers. 
149,800,000 97 High-tension a-c. line. 97 127,000,000 
153,750,000 97.4 Generators. 95.8 132,700,000 
Turbines. 
132,700,000 
——— = 86.6 per cent. 
153,750,000 
153,750,000 
——— = 1.16 per cent. 
132,700,000 


or 16 per cent more power for the three-phase d-c. system. 


Thus it is apparent that for the same tractive effort developed 
in the driving wheels of the trains the number of kilowatt-hours 
to be generated in the single-phase power station is 86.6 per 
cent of the three-phase station, or, stated in another way, the 
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three-phase station will have to generate 16 per cent more power 
than the single-phase station to accomplish the same result at 
‘the driving wheels of the train equipment. 

Having now drawn attention to the attempt to disqualify 
the single-phase system by this fallacious treatment of the 
transmission question, I wish to point out a few isolated errors 
in assumption and design that Mr. Hobart has made. 

Let us take a look first at Mr. Hobart’s 8000-kw. machine. 
Now just why did he select this size? It is a rather odd one. I 
do not recall ever having seen this size of generator in print 
before, and certainly not on the floor of a power station. 

By a selection of this size Mr. Hobart has admittedly and 
erroneously assumed it will carry him out of the environment of 
1500 rev. per min. for the single-phase generator, as after he has 
allowed for the larger capacity made necessary by the star 
winding using only two legs and increased the copper for his 
75 per cent power factor conditions, he has built the unit up 
until it represents in three-phase capacity a generator of 16,000 
kw. Of course, had Mr. Hobart allowed his generators to retain 
_ the modest capacity of 5000 kw., then his double generator 
single-phase unit would not have been safe. 

Notwithstanding, however, Mr. Hobart has calculated with- 
out his host, for there are other manufacturers who have built 
1500-rev. per min. generators, whose three-phase capacity has 
been 14,000 kw., and have offered tenders on machines of 20,000 
kw. capacity. Thus Mr. Hobart’s double generator proposition 
fails. Two hundred and forty tons is indeed a weighty generator 
to charge up for a 16,000-kw. machine, when one of 14,000 kw. 
has already actually been built which weighs but 95 tons. 

Before leaving the generator end of things, I am forced 
to draw Mr. Hobart’s attention to the fact that his statements 
concerning steam economy at high speeds is at variance with 
the statements his company has advanced with reference to 
economies at low speeds. We will grant that two generators, 
each of half the capacity of one, weigh more than the one gener- 
ator (and we reserve the privilege of using one), but his state- 
ments as to steam economy for the type of turbine used are 
contradicted by other advocates of the same type of turbine. 
However, it is all summed up when it can be stated as a fact that 
the manufacturers who have been in the business of real single- 
phase machinery can build one generator in the form of a single 
unit, large enough and with the same speed, to match up with 
Mr. Hobart’s single unit three-phase machine. Let us not 
forget, however, that Mr. Hobart will owe us either a refutation 
or explanation of the low economy he applies to high economy, 
four-pole, 750-rev. per min. Curtis turbines. Throughout his 
paper in text and foot-notes we are reminded constantly that he 
is being liberal with the single-phase. A too great liberality might 
do a great injustice to the three-phase. Why not be just? Say 
what it is, not less or more than it is. I might say Mr. Hobart 
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showed, for instance, great liberality in choosing that 8000-kw. 
generator, as 240 tons of single-phase generator was a far too 
liberal supply. 

Now having shown the error in proposing the double generators, 
let us have a look at some of Mr. Hobart’s thoughts on generator 
design. It is evident that Mr. Hobart has had little to do with 
dampers—that is, field dampers. He tells us the loss in the 
dampers is just equal to the armature loss, and backs it up by 
quoting 13 kw. for the field damper of the single-phase generator 
and 13 kw. for the armature loss. Evidently Mr. Hobart has 
assumed that the damper has to neutralize the complete mag- 
netic flux due to the armature turns. If it.did, even then its 
loss would not be what he has stated. He evidently does not 
appreciate that the armature field is made up of two components, 
each revolving in opposite directions and of equal value. One 
of them is in synchronism with the rotor and is therefore not 
acted upon by the damper. The other component revolving 
in the opposite direction to the rotor flux is compensated for by 
the damper. Here, therefore, Mr. Hobart’s figures arereduced to 
one half. Now let us go astep further: On account of the long 
armature connectors necessary to a two-pole winding, and the 
short connectors inherent to the squirrel cage wound damper, 
the proportion again is cut in half due to the resistance of the 
damper being in that proportion to the armature, and so Mr. 
Hobart’s figures sink to 25 per cent of their value. 

Still in the domain of machine design, let us discuss for a mo- 
ment Mr. Hobart’s views on regulation. He says “Incidentally 
the three-phase unity power factor installations will have some 6 to 
8 per cent inherent regulation, whereas the inherent regulation 
of the single-phase 75 per cent power factor installation will be 
of the order of 15 per cent or worse, and will be thus so inferior 
as to require that some type of automaticregulators be provided.” 

Can it be possible at this late stage of generator design Mr. 
Hobart is not awake to the fact that an inherently poor regula- 
tion in a machine, which compared kilowatt for kilowatt with 
another of equal weight and better regulation, gives the best 
account of itself when measured on the scales of efficiency. The 
6 per cent machine has no regulator, less kilowatt capacity and 
poor regulation. The 15 per cent machine has a regulator, more 
kilowatt capacity and perfect regulation. Thus the regulator 
pays for itself many times over. Besides this its inherent regu- 
lation is in marked economical contrast to the revolving mass 
of substation apparatus which the author recommends to 
buffet the short circuits of the line. 

In conclusion, let us compare Mr. Hobart’s hypothetical 
single-phase system with the actual single-phase system in opera- 
tion on the New Havenroad. He gives the single phase aggregate 
annual efficiency as 81 per cent thus involving a loss of 19 per 
cent. The aggregate loss between the steam turbines and the 
electric locomotives on the largest single-phase road in operation 
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is 7 per cent; thus giving an efficiency of 93 per cent. Mr. 
Hobart’s assumed losses are, therefore, 24 times as great as the 
actual losses. Hence, there is nothing left but a choice between 
the theory propounded by the author in his paper and practise 
as we find it; which? 

Edgar Knowlton (by letter): In the first part of Mr. Hobart’s 
paper is a comparison of the weights of the three-phase 8000-kw. 
generator at 1500 rev. per min. and a single-phase 8000-kw. 
generator at 750 rev. per min. I believe that the weights of 
these two generators will be more nearly represented by 100 and 
200 tons since this is the ratio of the three-phase ratings of the 
two machines and the reduction in speed will not greatly increase 
the weight of the single-phase machine. 

A single-phase 8000-kw. 1500-rev. per min. generator is a 
practicable machine but, as explained above, its weight, cost, 
and efficiency, would vary but little from that of the same 
capacity machine at 750 rev. per min. 

For the losses and efficiencies given a little further on I would 
be inclined to substitute the following: 


THREE-PHASE 8000-KW., 100 PER CENT POWER FACTOR., 1500 
REV. PER MIN. 


Sea eV GAT CALS CALOS Se reuislietro tee) oie) siie? airs sctiohtb fa lol sxe) ehiaye:  ojereMeteuaasGem "soos 25 kw. 
Field SO a Fi tI elon Bi5 BIG Me LE TU LCI aOR LAC OER o CoS eC 25 kw. 
MG OLE OSS caer cate te ofareio) a8) stale ule Te us slesele) ocels ioe, Se sini «Sela eh e/eteTaie shei> s 115 kw. 
WHS TAG TN GEC Saco Ou ora S.OMOICId GO SIS LOOT Once n Noe iCarcararmerc 100 kw. 2 
PT OGRI LOSS eet cyais ci Reeeeceee Ole Sel aier a eicherie sees Gee yi olepsuiehe otsraya tele atecasarere 280 kw. (3.25 per cent) 
Ef. (Exciuding bearing friction) .~ 2.06 .0.s sac cs nee ees pees 96.75 per cent. 
THREE-PHASE 6000-KW., 80 PER CENT POWER FACTOR 
IN GEAETETIN CYR NCEE), AGS dst 08 6G. 0 AEICOLIO OO CO DOOD canoe dairy POR epinE 25 kw. 
Field ORO ce cen TACIT ooh eee) sucke Ofer etolstin isis Save. svaseviee 40 kw. 
Core loss and windage (excluding bearing friction).............. 215 kw. 
1 Dray dled Caves 5 Meese AC erg A Sine aed SRG OU BIPM Ong Dek RISA Lents Oa Meet 280 kw. (4.5 per cent) 
Eff. (excluding bearing friction). <2... 6000 .ccecceensseesweses 95.5 per cent. 
SINGLE-PHASE 4000-KW., 75 PER CENT POWER FACTOR, 1500 REV. 
PER MIN. 
ATMA LUTE A SemlOSS aie late) aheeeale Notas ost ebeleele tute ws pgtep ss 17 kw. 
Pole eacenwindingels Rulossar mers sareimir cs cia elensucioer suctoysyalecse a= 17 kw. 
rele T Ae MOSSY cn Vobe ciharicteiecsan crarcrsratnveiaiac oadibacie «hes otehs elas suse 33 kw. 
Core and windage loss (excluding bearing friction).............. 215 kw. 
PT Ert AM OSS AME cee corer cee tot ra deleas steels! oyvecoleloioen aitpol o sare Eundieyanabes nsceorers 282 kw. (6.6 per cent) 
Efficiency (excluding bearing friction)............. 0+ e eee eeee 93.4 per cent. 


A comparison of the estimated losses is given in the following 
table: 


_ Loss 
Estimate in Estimate as 
the paper above 
Three-phase, 800 kw., 100 per cent power factor, 1500 
PCV ADEE WU -as vide coeiseive ele ac miele eie sisi 2.6 per cent 3.25 per cent 
Three-phase, 6000 kw., 75 per cent power factor, 1500 
TO VAGDOL TUL sot piece cisialle orole tat eis:ecst sieves) s\eis vie! vr epelels 3.5 per cent 4.5 percent 
Single-phase, 4000 kw., 75 per cent power factor, 1500 
5.2 per cent 6.6 per cent 


rev. per min...... MAING ini tod her stopdiaieter lave, cuelletie erst! ere 
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The differences in the weights and losses, however, do not 
affect Mr. Hobart’s conclusions as to the relative cost of the two 
systems. ‘ 

John B. Sparks (by letter): Mr. Hobart’s comparison between 
the cost of single-phase and three-phase current at the distant end 
of the transmission line is of considerable interest in view of the 
fact that both systems of generation and transmission are being 
adopted on the Continent for single-phase railways. While Mr. 
Hobart calculates single-phase current to be 9 per cent more 
costly at this point, the additional cost in the three-phase case 
of the rotary machinery required to transform to single-phase 
and the attendant losses practically balance this, so that there 
is little to choose between the two systems. In most cases indeed 
the all-single-phase proposition will be found strictly the most 
economical, but where the current may be used for power as well 
as for traction, generating and transmitting three-phase may 
be found most satisfactory. 

Mr. Hobart’s arguments as to the comparative size and cost 
of single-phase and three-phase generators are not very clear. 
A simple calculation shows that the three-phase rating of any 
machine is 1.73 times the single-phase rating (using two phases 
in series) on the basis of equal current density, or about 1.4 
times on the basis of equal armature copper losses. The actual 
figures, however, obtained from a well-known Continental firm 
for four generators ranging from 2500 to 10,000 kw. single-phase 
output show an average three-phase rating of 30 per cent 
greater than the single-phase rating (the full-load efficiencies 
are only about 0.5 per cent greater and the regulation full-load 
to no-load 3 per cent less in the case of three-phase working). 
Assuming unity power factor for the three-phase machine and 
0.75 power factor for the single-phase machine, the latter will 
weigh and cost, therefore, about 1.75 times as much as the 
three-phase machine of the same kilowatt output. It is not 
clear why Mr. Hobart has not taken the same transmission line 
pressures in the two cases; presumably the increased cost due 
to the higher single-phase pressure is covered by there being two 
instead of three insulators per pole. It would have been more 
economical to have taken a larger total copper section in the 
single-phase case. 

It would be interesting if Mr. Hobart would complete his 
synthesis of the cost of current per unit by including the distri- 
bution costs and losses and stating the cost per unit at the trains. 
Continuous current at 600 to 1200 volts costs, he concludes, only 
18 per cent more than single-phase current at from 6000 to 12,000 
volts. The cost of the distribution and contact wire system in 
the latter case is very much greater than the cost of the distri- 
bution and third rail system for direct current working, and the 
cost per unit at the trains might consequently be even greater 
for single-phase current. In view, however, of the admitted 
higher cost of single-phase as compared with direct-current 
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equipments and the higher maintenance costs in the former case, 
any slight superiority of the single-phase system in the cost of 
current supplied to the trains is of little importance. 

Roger T. Smith (by letter): Incidentally the figures in Mr. 
Hobart’s paper serve to show the advantage of the purchase of 
electricity for railway traction purposes wherever the railway 
load factor is low, and indeed other things being equal (which 
is seldom the case) it is a great advantage to a railway company 
to buy its electrical energy from a supply for general purposes, 
where that energy is only one item tending to increase the 
diversity factor of the whole supply, and to pay for it, as it is 
used, out of revenue, rather than to be obliged to pay interest on 
capital invested in a generating station which may for many 
years be a burden on traffic returns out of all proportions to the 
receipts. 

Before dealing with the argument it may be of interest to 
refer to one or two points which in themselves do not affect the 
argument. 

Dealing with the table of substation machine load factor and, 
“‘all-year ”’ efficiency, the figures may be compared with those 
of a substation supplying continuous current for the Hammer- 
smith & City Railway forming a small item in London suburban 
electric railway service. The substation is equipped with La 
Cour motor converters and not with synchronous converters 
and the average power factor is never as much as 1 per cent 
below unity. The machines work in parallel with a battery 
whose input and output is controlled by automatic boosters. 
For 1911 the machine load factor was 63.9 per cent and the all- 
year efficiency 84.1 per cent including the battery and 86.6 
per cent excluding the battery. Turning to the next table, the 
two substations supplying this railway (with only 10 miles of 
single track) for an annual output of 8,000,000 kw-hr. had a 
combined load factor of 60 per cent and cost 0.12 cents per 

‘kw-hr. for wages, oil and stores. Surely the machine load factor 

as defined for substation performance, is the correct load factor 
to use for generating station as well as substation performance. 
The rated output is the continuous capacity of the station and 
the percentage of this obtained during the hours the machines 
actually run alone tells the station engineer if his plant is used 
in the most economical way. Skilful management can increase 
the machine load factor while the maximum-power load factor 
may remain nearly stationary. 

A small generating station belonging to the Great Western 
Railway, equipped with reciprocating engines, supplies the two 
substations, of which one has already been referred to, with 
three-phase current. It has an output of 10,000,000 kw-hr. for 
traction only, yet it may be interesting to give the figures cor- 
responding to note (9) of Mr. Hobart’s paper. During 1911 
the average B.t.u. of the coal used was 11,900, 7.e., the calorific 

“value is 3.46 kw-hr. per lb. This for 100 per cent efficiency 
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between furnace and feeders corresponds to 0.288 lb. per kw-hr. 
but the actual thermal efficiency was 7.9 per cent. Comparing 
this generating station with that referred to in the note for the 
West Jersey & Seashore Railway the results for 1911 for coal of 
11,900 B.t.u. are as follows: 


Year Output, traction and lighting, | Lb. of coal per kw-hr. Overall 
in million kw-hr. output efficiency 
per cent 

1911 11.8 3.65 7.9 


Coming to the argument itself regarding the efficiency, from 
the steam turbine to the distribution system, of three-phase 
continuous current supply as compared with single-phase supply, 
the actual advantage of one over the other depends wholly on 
the single-phase power factor assumed. Mr. Hobart has taken 
this average power factor at 0.75, and while any figure given 
must be accepted with caution (since in the United Kingdom 
charges are always based on kilowatt-hours so that kilowatt- 
ampere hours are not metered) I think for British railways 0.75 
may be unnecessarily low. There are only two single-phase 
railways in the United Kingdom, the Heysham-Morecambe line 
of the Midland Railway and the South London Suburban lines 
of the London, Brighton & South Coast Railway. 

For the Heysham line, with an intermittent service of about 
twelve trains each way per day, average results are of no use 
since when no trains are running and the line is only charged 
there is a leading current. The tendency of this charging current 
is to raise the power factor, but the inductance of the line out- 
weighing its capacity, the general effect of the line when trains 
are running is to lower the power factor. On the official trial 
runs the power factor of the low tension energy during a set of 
tests giving maximum acceleration (closely corresponding to 
suburban running) was 87 per cent and during a set of non-stop 
runs between Morecambe and Heysham (with a large per- 
centage of coasting) the power factor was 86 per cent. Both 
figures will be reduced at the generating station by the inductance 
of step-down transformers on the train and by the line, but 
these were not measured. On the Brighton Railway the power 
factor during trial runs works out as 80 per cent but the average 
power factor of the generating station has not been measured. 
From these two results, one during the test of a service on the 
Midland electrified system imitating suburban traffic and the 
other during the test of a typical London suburban service, it 
would seem that Mr. Hobart’s estimate of average power factor 
may be too low. The figure of 0.75 is to be accepted with 
caution and there is every probability that in some actual 
railways it is exceeded, while means for improving the power- 
factor of the whole supply are not beyond the power of the 
electrical engineer. 

Perhaps the most interesting part of the paper is the general 
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conclusion, where the combined use of both three-phase- con- 
tinuous current and single-phase current are advocated to 
deal with different classes of traffic—a view first publicly ad- 
advanced as far as Mr. Hobart is concerned in his Royal Engi- 
neers’ lecture at Chatham in 1909. 

Mr. Aspinall’s statement made before the Institution of 
Civil Engineers and quoted by Mr. Hobart puts the matter 
very clearly, and it may be said that there are very few railways 
in Great Britain and Ireland possessing a suburban service of 
sufficient importance to warrant electrification, in which the 
stopping trains do not run over roads kept entirely separate from 
those used by the long distance traffic. If this is not the case for 
the whole of the suburban traffic it certainly is so in the 
majority of cases. For instance the London & North Western 
Railway has under consideration the electrification of some 80 
‘miles (single track) of suburban road. This is entirely distinct 
from its main line although the Euston and Watford electric 
line will run for many miles beside its main line. The system on 
which the company must electrify its suburban. railways is 
settled for it by the fact that the rolling stock must run over 
sections already electrified on the third and fourth rail con- 
tinuous current system, but it is difficult to see what possible 
difference this could make to the use of any other system of 
electrification it may choose to use on its main line should the 
time ever come for it to be electrified. 

On the other hand there are English railways where the sub- 
urban system forms such a large portion of the whole system and 
is so intimately interwoven with the main line that two systems 
would be bad engineering. The Brighton Railway is such a case 
and it has chosen one system to suit all conditions. 

H. M. Hobart: The plan adopted by Mr. Murray, of carrying 
out the tabular comparison in his discussion, is of interest and I 
am of the opinion that, by suitably modifying and extending the 
conception, instructive results may be obtained. I propose toillus- 
trate by an example the method by which we may, in any given 
case, establish a comparison of the power required at the genera- 
ting stations for each of the two systems under discussion. 

A hypothetical railway’s rolling stock comprises the equiva- 
lent of 70 trains, each train consisting of five 60-seat passenger 
cars, or a total of 300 seats per train. 

Let the average service provide a schedule speed of 25 miles 
per hour, and let the average distance between stops be one mile. 
If the average duration of each stop is 20 seconds, then, since 
there will be 25 stops per hour, the average speed from start to 
stop will be 

3600 


3600 —25 X 20 
For good rolling stock operated over a well-constructed 


straight and level track, the energy required at the axles may be 
estimated from the formula 


X 25.0 = 29.0 miles per hour. 
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: S? 
Watt-hours per ton-mile = 0.074 X Ht 
where S = average speed from start to stop, in miles per hour 


( = 29.0) : 
D = average distance between stops in miles ( =1.00) 


Thus we have: ‘a 
Energy required at axles = 0.074 X 1.00 = 62 watt-hr. per ton 
mile. ; ; 
For such a service the overall efficiency of the electrical equip- 
ment on the train will be about 70 per cent, irrespective of 
whether continuous-electricity apparatus or single-phase appara- 
tus isemployed. Consequently the input fo the train will be 


62 
0.70 

This value corresponds to the condition of test runs made 
with well-designed and well-constructed rolling stock over well- 
built straight and level track in calm weather. The conditions 
of actual practice may be assumed, in this hypothetical case, to 
increase the consumption of the train up to the gross average of 
115 watt-hr. per ton mile and this value may be considered as 
being sufficiently liberal to allow for non-productive train move- 
ments. By methods! known to be correct, it can be estimated 
that the weight of such a 300-seat train will be: 

210 American tons when the motive power is supplied by 
continuous-current train equipment. 

270 American tons when the motive power is supplied by 
single-phase train equipment. 

Consequently for the consumption per train we have 

210 X 0.115 = 24.2 kw-hr. per train mile for the trains 
equipped with continuous-current apparatus and 

270 X 0.115 = 31.0 kw-hr. per train mile for the trains 
equipped with single-phase apparatus. 

Let the requirements of the service be such as to call for 50,000 
miles per train per annum for each of the 70 trains. Then the 
total annual consumption at the trains amounts to 
70 X 50,000 * 24.2 = 85,000,000 kw-hr. for the continuous cur- 
rent trains and 
70 X 50,000 X 31.0 = 108,000,000. kw-hr. for the single-phase 
trains. é 

We may throw these results into a tabulated form similar to 
that preferred by Mr. Murray and may complete the calcula- 
tions in the way he has outlined. This is done herewith. 

‘These methods are explained in the author’s treatise entitled ‘“ Elec- 
tric Trains’ and were employed and discussed at the July 1910 meet- 
ign of the Institution of Mechanical Engineers in London. Consider- 


ations of space render it imexpedient to set forth here the steps in the 
estimation of these train weights. 


= 89 watt-hr. per ton mile. 
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Three-phase, synchronous substation sys- Single-phase system without transform- 


tem. ers except on train 
(Generator pressure = 11,000 volts) (Gen. pressure = 11,000, volts) 
on ——. —- a $$ —___ 
(ae == = 
Kw-hr. per Per cent Per cent Kw-hr. per 
annum efficiency Items efficiency annum 
59,500,000 — Drivers — 75,500,000 
85,000,000 70.0 Train equipments 70.0 108,000,000 
88,500,000 96.0 Circuits from substations —- ——— 
97,200,000 91.0 Substations = = 
102,000,000 95.5 High-pressure line 89.4 121,000,000 
105,000,000 97.4 Generators 94.8 127,500,000 
: 127,500,000 ; 
Since 2——~ 1.21 we see that for the single-phase system 


‘105,000,000 
21 per cent more energy is required to be provided annually by 
the steam turbines in the generating station. 

Thus for supplying the needs of the stipulated passenger service, 
21 per cent more energy must be delivered annually from the 
power house turbines when the single-phase system is employed 
than when the three-phase system with synchronous substations 
is employed. 

I am aware that the percentage at which I have arrived applies 
exclusively to the particular assumptions and service relating to 
the hypothetical case which I have studied. For a more sparse 
passenger service with greater average distance between stops, and 
for freight service the results will be less unfavorable to the single- 
phase system, but: there is a big margin to be overcome before 
the 21-per cent. greater amount of energy required by the single- 
phase system is wiped out. I have not dealt with the far greater 
capital outlay required for single-phase rolling stock, as Mr. Mur- 
ray does not mention the question of the relative capital costs of 
rolling stock for the two systems. Mr. Murray is wrong in employ- 
ing efficiency as a criterion of merit. It is necessary to also con- 
sider the capital outlay by which that efficiency has been at- 
tained. Mr. Murray gives the efficiency of the high pressure 
line on the New Haven road as being 97 per cent. Obviously 
by trebling the outlay for line copper he could increase this ef- 
ficiency to 99 per cent. But it would not be true economy to do 
so. The highest economy might correspond to half as much line 
copper, even though the efficiency is thereby decreased to 94 
percent. Presumably 97 per cent was the right value to adopt for 
the case he had in hand but it has no bearing whatsoever on the 
appropriateness or otherwise, of the line efficiencies adopted in my 
estimates. 

In the above tabulated comparison I have left out the step-up 
transformers, to bring the comparison into conformity with Mr. 
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Murray’s preferences, but it is obvious that this policy will, on 
extensive systems, mean resorting to several smaller genera- 
ing stations instead of a very few large ones, thus involving 
lower load factors and also requiring the location of the genera- 
ting stations at other than the most favorable sites and thus de- 
creasing their commercial economy. I have taken the three- 
phase transmission line’s efficiency at 95.5 per cent, the value 
taken in my paper, but instead of taking the single-phase line at 
the efficiency of 92.0 per cent which corresponds to a 15 per cent 
higher transmission pressure as explained in foot-note 10 of my 
paper, I have reduced it to 89.4 per cent the value which, as I ex- 
plain in that foot-note, corresponds to the same outlay for copper 
as for the three-phase line and the same generator pressure of 
11,000 volts. This change is also necessitated by Mr. Murray’s 
preferences for eliminating step-up transformers. 

Mr. Murray may take exception to my plan of basing my calcu- 
lations upon the requirements of a single class of passenger service, 
but I would ask him to observe that corresponding calculations 
can be made for any other class of train service and that the case 
I have taken represents an exceedingly important one. I frankly 
admit that for a sparse long distance passenger service with in- 
frequent stops, and for freight service, the case will not be so 
desperate a one for the single-phase system. For such a system 
as the New Haven, where several classes of rolling stock will be 
operated electrically, each class can be analyzed in accordance 
with the plan I have illustrated, and the aggregate taken for the 
road’s entire equipment. For cases where the single-phase sys- 
tem shows up to be the most economical when both capital and 
operating costs are taken into consideration, that system should 
obviously be the one put forward. My own personal opinion is, 
however, that such cases will be rare. I have stated in the paper 
that I am of the opinion that engineers have greatly magnified 
any difficulties associated with the use of both systems, each 
dealing with its appropriate class of rolling stock. This is also, 
as stated in my paper, the view of Mr. J. A. F. Aspinall, general 
manager of the Lancashire and Yorkshire Railway, and, also 
as we find in this discussion, a close approximation to the view 
of Mr. Roger T. Smith, chief electrical engineer of the Great 
Western Railway. Both of these gentlemen have been respon- 
sible for many years for extensive electrified sections of main- 
line railway and each dissents strongly from the view that there 
is usually any need for using other than the most appropriate 
system for each class of traffic. 

As regards the rest of Mr. Murray’s criticisms of my paper— 
they are chiefly directed to suggesting that I have painted 
too lurid a picture of the conditions in three-phase gener- 
ators when employed for providing a supply of single- 
phase electricity direct to railways without the interposition 
of substation machinery. My answer is to quote from the 
1911 A.I.E.E. Transactions, Vol. XXX, p. 1511, Mr. B. G. 
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Lamme’s description of the single-phase generators as finally 
modified to withstand the conditions of operation on Mr. Mur- 
ray’s road. 

Mr. Lamme states: 

“There is one feature in connection with the generating plant which 
has not had its full significance brought out before. I refer to the use of 
11,000-volt machines with one terminal grounded. These generators 
have three-phase armature windings of the star type with one of the three 
terminals permanently grounded. Two of the legs of the star are used for 
the single-phase circuit, while the third leg is used in connection with cer- 
tain three-phase work. Across the railway phase the potential is regu- 
lated for 11,000 volts normal, by means of an automatic regulator in con- 
nection with the fields of the generator. The third leg gives alittle higher 
voltage normally, due to the small load which it carries at present. In 
consequence, its voltage is usually somewhere between 11,000 and 12,000 
volts. Assuming this at 11,000 volts, then in these machines we have an 
equivalent, as far as insulation stresses go, of a three-phase generator with 
grounded neutral with 11,000 volts between the neutral and the terminals. 
This therefore is practically the equivalent of a 19,000-volt three-phase gen- 
erator with the neutral grounded. It is more than this, as it is the equiva- 
lent of a 19,000-volt machine with the neutral grounded and with the ter- 
minals tied directly to 100 males of 11,000-volt overhead system without the 
inter position of transformers. This is a very abnormal condition compared 
with anything that is being done in this country at present. 16,500 volts 
is the highest generator now used on a large scale, as farasI know. But 
here we are actually running under conditions corresponding to 19,000 
volts with the hardest kind of service and with an overhead line without 
transformers which is going to be extended to about 500 miles. Under 
these conditions the generating plant has made an extremely good record, 
as indicated by Mr. Murray in his table of delays due to power house. I 
may say that for about two years, or possibly more, there has been practi- 
cally no trouble as far as the generators are concerned; that is, any trouble 
which would shut down the system. There has been one breakdown in one 
machine, but a careful examination of this one case developed no cause 
for the breakdown other than a damage to the insulation in originally put- 
ting the coil on the machine. There were no signs of deterioration of the 
insulation, and th2 insulating materials on the damaged coil appeared to be 
as sound and flexible as when first put on. So here we are running ma- 
chines at the equivalent of 19,000 volis on a three-phase system, and during 
two years there has been continuous service. This is a most excellent 
record. If we compare this with a late practice, now being advocated 
here and there, of winding large turbo generators for low voltage, such as 
2200 volts, and then stepping up to voltages, even as low as 6600 volts, 
we can see what a wonderful thing this New Haven operation is. In some 
cases at the present time, 11,000 volts, or even 6600 volts on the generator 
is being condemned as bad practice because of dangers from liae voltage, 
surges, lightning and such things, but in this New Haven plant there are 
100 miles of overhead system under conditions where it is exposed to surges 
of the worst sort.” %: 

In the above extract Mr. Lamme portrays far more vividly 
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than I have done in my paper, various features in which single- 
phase generators supplying electricity direct to the trains are 
more elaborate, heavy and expensive than three-phase genera- 
tors supplying substations. I stand by my figure of 240 tons 
for the weight of the 8000 kw., 75 per cent power factor, 25-cycle, 
single-phase generators. I am aware of instances in England 
and America where much lighter single-phase generators have 
been installed for railway work. I am also aware that they have 
been utter failures. 

Mr. Roger T. Smith gives us the advantage of some carefully 
prepared results from his own experience. His data for the over- 
all efficiencies of substations and for the outlay for wages, oil and 
stores per kw-hr. are not quite so favorable as those in my paper, 
but it must be noted that I have dealt with large units. It had 
been my hope that my paper would serve to bring forth in the 
discussion a large amount of specific data from the experience of 
other engineers, such data, for instance, as this which Mr. Roger 
Smith has contributed, as also the data contributed by Mr. Knowl- 
tonand Mr. W.C.Smith. It is a most laborious task to derive 
such data for concrete cases, and engineers are tempted to base 
their conclusions on abstract reasoning. Sooner or later, however, 
recourse must always be had to rigorous quantitative comparisons 
of the commercial economies attainable by the alternative methods 
by which the desired results may be reached. Often this is not 
done till after large sums have been expended on the wrong sys- 
tem but it might just as well be done in the first instance. Great 
economies would thereby be effected and electrification propo- 
sitions would command more respect from the railways. 

Mr. Sparks and several other contributors to the discussion 
have expressed the opinion that the comparisons should have 
extended from the generating station to the train and should not 
have stopped short at the substations. I have briefly met this 
criticism in the section of my reply which dealt with Mr. Murray’s 
remarks. I have dealt very thoroughly with the rolling stock 
end of the comparison in various contributions to British engi- 
neering societies and on these occasions, the chief criticism has 
been that I appeared not to realize that the grave disadvantages 
of single-phase rolling stock were far more than offset by the 
advantages of single-phase methods in all other parts of a railway 
electrification system. The results arrived at in the present 
paper show that the disabilities of single-phase methods extend 
right through the system, from and including the generators in 
the station, to and including the motors on the train. 
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SOME PROBLEMS OF HIGH-VOLTAGE 
TRANSMISSIONS 


BY CHARLES P. STEINMETZ 


For a considerable time the voltage of long distance transmis- 
sions was limited by the line insulator. Until a few years ago, 
the transmission line insulator was the same pin type as used in 
telegraph and telephone lines, differing only by its larger size, 
by the replacement of glass by porcelain, and by the addition 
of a few more petticoats, but no radical change had occurred, until 
the limit of this type was reached at 30,000 to 40,000 volts— 
with a few 60,000-volt lines of questionable reliability. 

The development of the suspension type of insulator practi- 
cally removed this limitation. By breaking up the potential dif- 
ference in a series of successive steps of moderate voltage, by the 
use of a series of insulating disks between line and ground, it 
became possible to insulate lines for voltages of 100,000 to 200,000 
with a margin of safety greater than that of most of the 40,000- 
volt lines of old. In such steel tower lines with suspension insu- 
lators, even direct lightning strokes may sometimes reach the 
line without destroying its insulation, and the problem of line 
insulation thus appeared solved. 

However, at extremely high voltages, even the suspension type 
of insulator must finally find its limitation due to the unequal 
voltage distribution between the successive insulating disks. 
With a number of equal insulating disks sharing the voltage be- 
tween line and ground, the potential difference across the insu- 
lators nearest the line is higher, and the potential difference across 
the insulators nearest the ground is lower, than the average po- 
tential difference per insulator, the more so, the greater the num- 
ber of insulator disks. Thus the flash-over voltage of a string of 


167 


168 STEINMETZ: HIGH-VOLTAGE TRANSMISSIONS [March8 


n insulator disks is not » times that of one disk, but less, and 
the more so, the greater n. Finally a point is reached where a 
further increase of the number of insulator disks does not further 
increase the flash-over voltage. The reason for this is that the 
potential difference across each insulator disk is proportional to 
the current which passes the insulator (as capacity current or 
displacement current, and as dielectric energy and leakage cur- 
rent—the latter negligible except in wet weather). Each in- 
sulator disk, however, carries its own capacity current plus all 
the capacity currents against ground of the conductors joining the 
insulator disks, between the insulator disk under consideration, 
and the ground, at their respective fractional voltage. Thus 
the insulator disk nearest ground carries only its own capacity 
current while that nearest the line carries its own capacity cur- 
rent plus the capacity currents against ground of the entire string 
of insulators, hence the latter carries a larger current, and thereby 
absorbs a larger potential difference. The string of insulators 
represents a circuit containing distributed series capacity—the 
capacity between the two sides of each insulator disk,— and dis- 
tributed shunt capacity—the capacity of the connection between 
the disks, against ground. The general equations of such a cir- 
cuit of distributed shunt and series capacity, applied to the 
multigap lightning arrester, have been given in the TRANSAC- 
TIONS. 

This effect is the more marked, the higher the frequency, and 
may lead to the puncture of insulators at transient voltages below 
the normal circuit voltage. 

From this it appears that the use of a large number of small 
insulator disks is uneconomical at very high voltages, and a 
few large disks of high disruptive strength preferable. 

To extend the insulating possibilities of the suspension insula- 
tor type far beyond the voltages now contemplated, therefore 
requires a grading of the insulator disks in their capacity, so that 
the disk nearest the line has the highest, that nearest the ground 
the lowest capacity, or the addition of capacity at the surface 
of the insulator disks, in proportion to their distance from the 
ground. The capacities of the successive insulators of a series 
should be proportioned so that the product of the capacity and 
the total displacement current (against ground and across insula- 
tor) of each insulator disk is proportional to its disruptive 
strength. 

However, this 


‘multigap effect ’’ of the suspension insulator 
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type becomes of serious moment only at voltages beyond those 
contemplated at present. 

More serious at present is, that we have reached transmission 
voltages at which the air begins to fail as insulator, and direct 
escape of electric energy into the air begins, as corona. 

This is at present the most serious limitation of transmission 
voltages. This led to the study of the law of corona, and the 
investigation is still being continued. The voltage at which a 
serious loss of power by corona begins depends on the size of 
conductor, the conductor spacing and the air density.1_ In pro- 
posed high-voltage transmission lines—above 80,000 volts—an 
investigation of the line conditions regarding probable corona loss 
becomes necessary. By the use of large aluminum conductors, 
possibly even with separate tower lines for each phase—to get 
very great distance between the phase conductors—we may be 
able to reach a quarter million volts as transmission voltage, and 
possibly still higher voltages by special designs of the line con- 
ductor, of which various forms have been proposed. 

With the development of the grounded steel tower line con- 
struction with suspension insulators of high disruptive strength, 
with the grounded overhead wires protecting the line against the 
entrance of severe lightning disturbances, and the aluminum cell 
_ lightning arrester protecting the stations, atmospheric lightning 
has practically ceased to be a formidable enemy of long distance 
transmission; practically complete protection against atmos- 
pheric lightning can be afforded, and where lightning disturbances 
damage the transmission line, the ultimate cause is usually 
either faulty or cheap line construction—usually the latter. 

Protection against atmospheric lightning thus can not be con- 
sidered any more as an engineering problem, but is rather an 
economic question as to how far the value of the protected ap- 
paratus, and of the continuity of service, warrants the cost of 
lightning protective apparatus. 

At the lower transmission voltages used before the develop- 
ment of the suspension insulator, the line was the weakest link of 
the transmission system, but it was believed that transformers 
could be built of any size and for any voltage. 

At 100,000 volts and over a phenomenon makes itself felt, 
especially in large transformers, which is negligible at lower volt- 
age: the distributed capacity of the high-voltage transformer 
winding. 

1. F. W. Peek, Jr., The Law of Corona and the Dielectric Strength of 
Air. Transactions A. I. E. E., 1911, XXX, III, p. 1890. 
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At lower voltages, the transformer capacity is negligible, and 
the transformer thus an inductive apparatus, and as such imper- 
vious to all high-frequency disturbances, such as traveling waves, 
impulses, stationary oscillations, etc. High-frequency currents 
can not enter the transformer, but produce high voltage between 
the end turns, protection against which is given by the high in- 
sulation of the end turns of the transformer, which has been 
used now for some years. Or the*high-frequency disturbance, 
originating in the line, is entirely kept away from the transformer 
by the interposition of an inductance—a choke coil—between 
line and transformer. 

At very high voltage the electrostatic capacity of the trans- 
former becomes appreciable, and the high-potential coil of the 
transformer then represents a circuit containing distributed 
capacity, inductance, resistance and conductance, just as a trans- 
mission line. 

The high-potential coil of a transformer differs materially 
from the transmission line in its constants. In the transformer 
the inductance is much higher, the capacity lower, than in the 
transmission line; the resistance is lower, and the conductance 
low, though not negligible: it represents the energy component 
of the capacity current, and is due to the dielectric losses in the 
insulating material of the transformer. 

The results of this difference in the constants is, that trans- 
former oscillations are higher in voltage and lower in current, 
and of lesser attenuation, that is, die out at a slower rate, than 
line oscillations, and cumulative oscillations—that is, oscillations 
of increasing amplitude—are more liable to occur in transformers 
than in transmission lines.? 

The high-voltage transformer thus must be considered as a 
circuit, capable of oscillating, just as a transmission line. That 
is, high-frequency oscillations may originate in the high-potential 
coil of the transformer, or oscillations originating in the transmis- 
sion line may enter the transformer, and then, in passing over 
the transition point from line to transformer, increase in voltage 
while decreasing in current, by the transformation ratio of the 
transition point, as discussed in previous papers. 

The danger to which a transformer is exposed by high-fre- 
quency disturbances from the transmission line, then, is not limited 


2. Oscillographic reproduction of such cumulative transformer oscil- 
lation I have given in “ Electric Discharges, Waves and Impulses,”’ 
page 99. 
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to the end turns only, but damage may be done anywhere inside 
of the transformer, wherever a wave crest forms—which depends 
on the frequency of the disturbance—and such destruction of 
an inside transformer coil by outside disturbances is not infre- 
quent. 

Inductance interposed between line and transformer then be- 
comes a source of danger: while it keeps line disturbances out 
of the transformer, it also reflects disturbances which originate 
in the transformer, back into it, and thereby increases their volt- 
age and their destructiveness. It thus becomes necessary to 
add to the inductance (the choke coil) a device which bypasses 
disturbances which come from the transformer, but does not 
allow line disturbances to pass into the transformer. 

This leads into the field of protection against the phenomena 
of high-frequency disturbances, which now are the most serious, 
since, in the aluminum cell, a practically complete protection 
against transient high voltage has been developed, and which, 
with the increasing size of electric systems, are a constantly 
increasing source of danger, to high-voltage overhead transmis- 
sion systems as well as underground cable systems. 

In high-voltage long distance transmission lines of 150 miles 
or more, the capacity current of the line becomes considerable, 
and may, especially in 60-cycle systems, reach values higher than 
the full load current. Even then, however, the capacity current 
is not as serious as may be expected, and its main objection is, 
that it uses up generator capacity, that is, loads the generators 
with current which represents no power. Since it is due to shunted 
capacity, it may be compensated for by shunted inductance, 
that is, by connecting reactive coils of sufficient size permanently 
between the lines. This has frequently been proposed, and oc- 
casionally done. 

Far more serious is the impairment of voltage regulation, in- 
cident to very long transmission lines. Assuming constant volt- 
age at the generator terminals, the voltage at the receiving end 
of the line varies considerably between no load and full load— 
especially inductive load. Shunted reactance does not eliminate 
this, but while it reduces the no-load voltage by compensating 
for the capacity current and so eliminating the voltage rise due 
to this leading current, it lowers the full load voltage and so leaves 
practically the same voltage drop between no load and full load. 
A line of quarter wave length—800 miles with 60 cycles, 1900 
miles with 25 cycles—transforms from constant potential to con- 
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stant current. Hence, with constant voltage at the generator 
end, the voltage at the receiving end would rise to infinity at no 
load—that is, in practise, would be limited only by the resistance 
drop of the capacity current—and voltage regulation thus would 
be absent. Long before this condition is reached, voltage reg- 
ulation is materially impaired. This phenomenon is most seri- 
ous in the case of a short circuit on a system fed by the trans- 
mission, when the circuit breakers at the end of the line open; in 
this case the load suddenly changes from overload to no load; the 
turbines, relieved of their load, momentarily speed up and in- 
crease the generator voltage; the capacity current of the line re- 
acting to magnetize the generator field still further increases 
the generator voltage, and as at constant generator voltage the 
change from full load to no load would cause a considerable 
voltage rise, with the increase of the generator voltage, this volt- 
age rise at the receiving end of the line may reach 50 to75 per cent 
andmore. ‘This excess voltage is not a transient voltage, but is 
dynamic, and thus can not be discharged by any protective de- 
vice of necessarily limited energy discharge capacity, but can 
only be lowered by consuming power or lagging current, and even 
aluminum cells in this case, if not instantly relieved, are de- 
stroyed. 

The most effective way of protecting against this sudden rise of 
dynamic voltage when the circuit breakers at the receiving end 
of the line open seems to be, not to open the circuit entirely, but 
arranging it so that an inductive load is thrown into circuit by 
the opening of the circuit breakers, sufficient to keep the voltage 
down. Various ways exist of accomplishing this result. 

The long debated question, whether grounded Y or isolated 
A connection is preferable in high-voltage long distance trans- 
mission lines, seems to approach settlement in favor of isolated A. 
The isolated A has the advantage that a ground on one of the lines 
as a broken insulator, etc., does not cause a short circuit, and so 
permits continuing the operation of the system, thus giving 
greater reliability of service. However, if the ground is an arcing 
ground—as is usually the case—it produces a continuous high- 
frequency disturbance, and this is liable to destroy apparatus, 
often very rapidly, As a result, this advantage of the isolated 
A could usually not be realized, but it was a question between a 
short circuit and shut down—with grounded Y—or the possibility 
(or probability) of damage to apparatus and thus finally also a 
shut down, by the arcing ground in the isolated A. With the 


1912) STEINMETZ: HIGH-VOLTAGE TRANSMISSIONS 173 


development of protective devices which immediately eliminate 
an arcing ground by converting it into a permanent ground 
this objection to the isolated A connection was eliminated. 

A problem of long distance transmission, which requires so- 
lution, is the control of branch circuits. Very often it may be 
desirable to supply a moderate amount of power from a high- 
voltage transmission line by a branch line of moderate length, 
and a considerable total load may be secured by such local supply 
from a transmission line. However, if the branch lines are con- 
nected directly to the main line, any accident in a branch line 
involves the entire transmission system, and the branch lines 
must be constructed with the same high insulation strength, and 
the same protective devices and controlling devices as the main 
line. This is economically not feasible with smaller demands of 
power. Equally uneconomical is the installation of a transformer 
substation at the branching point, for the operation of the 
branch line at lower voltage. This makes it desirable to develop 
some power limiting or localizing device at the branching point, 
such as would not interfere with the supply of the power demanded 
in the branch circuit, but would localize this circuit so that an acci- 
dent, as a short circuit or ground on the branch line, would not 
seriously affect the main transmission system, and thereby would 
permit a cheaper construction of the branch line, more in corres- 
pondence with the smaller amount of power supplied by it. For- 
this purpose a suitable form of power limiting reactance would be 
used. : 


3. See paper by Prof. E. E.F. Creighton: Protection of Electrical 
Transmission Lines, Transactions A, I. E. E., 1911, XXX, I, p. 257. 
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CHARACTERISTICS OF PROTECTIVE RELAYS 


BY E. M. HEWLETT 

The object of this paper is to describe the general character- 
istics of protective relays necessary for the automatic and selec- 
tive action of circuit-breaking and switching devices connected 
to electrical distributing systems. It is not my purpose to dis- 
cuss or advocate any specific type or make of relay, but rather 
to bring before you the necessary characteristics and present 
a few recommendations for your consideration in selecting the 
proper type of relay for any particular service. 

The successful operation and control of electrical distributing 
systems, which are becoming more complicated each year, to- 
gether with the rapid increase in the application of electrical 
power, present engineering problems in the design of proper pro- 
tective apparatus which demand and deserve the most careful 
attention of designing engineers. In these days when so much 
depends on the continuity of electrical service, our protective 
apparatus must be designed with this consideration in view, 
otherwise the service will be continually interrupted. The oil 
circuit breaker, the protective element of the distributing sys- 
tem, should be permitted to lag sufficiently so that the short-cir- 
cuit current of the generator will reach a value which can be 
economically opened by the protective apparatus; consequently 
a relay having selective action is necessary. On the other hand, 
the time limit relay should have a characteristic which will present 
such a rush of current as would result in the destruction of the 
cable and busbar compartments. Variation in time in the op- 
eration of a circuit breaker is sufficient in some cases to determine 
the particular switch which will be disconnected independent of the 
action of the relay, consequently we should not endeavor to set 
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the relays closer together than one-half second. Fig. 1 indicates 
a relay characteristic which seems to meet these conditions. 

I wish to suggest the desirability of separately considering the 
various conditions to be met by a relay and then selecting the 
relay with the most suitable characteristics. We must not 
think that any one relay will satisfactorily comply with all 
operating conditions. 

With the great amount of power being concentrated in such 
systems as the Commonwealth Edison Co. of Chicago it becomes 
‘advisable to sectionalize the buses with current-limiting react- 
ances, or even introduce external current-limiting reactances in 
each separate generator, in order to limit the amount of short- 
circuit current which may flow into a fault. The action of the 
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relays will be somewhat slower, inasmuch as the current flow 
will be considerably less, thereby giving selective action. 
Considering first the generating station, it being of the utmost 
importance to keep the generators in service, as the possibility 
of trouble between the generators and buses is rather remote, 
the switches may be non-automatic or equipped with definite 
time limit relays having the characteristics shown in Fig. 2. 
This type of relay should have approximately a straight line 
characteristic. It should be arranged to trip the generator 
switch as a last resort, after the automatic switches more remote 
from the generators have failed to isolate the trouble. It is 
often desirable to have an indication of current reversal in the 
generator circuits without automatically tripping the generator 
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switches. To meet these conditions a reverse-current time limit 
relay is required which will operate on small current reversal 
without indicating direct overloads of short duration. The 
characteristics of such a relay are shown in Fig. 3 

Power transformers developing internal short-circuits in a 
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group of two or more operated in parallel, may be selectively 
disconnected from the circuit by an instantaneous relay sufh- 
ciently sensitive to operate on a small current reversal, in order 
to minimize damage. 

Distributing feeders from central station buses are often run 
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several in parallel, each as a small transmission line, that is, each 
feeder connecting several small distributing stations in series 
(Diagram No. 1). This makes a set of conditions difficult to 
meet with a single relay as the feeders from the main bus must 
be cut out selectively and also the different sections in series 
must be selectively cut out, isolating the section and feeder in 
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which trouble occurs. The operating characteristics of the 
inverse time overload relay required to meet these conditions 
and give satisfactory results must approximate those shown by 
Figs. 4, 5, and 6. It should be noted that Fig. 4 indicates the 
selective action which may be obtained from relays set at approx- 
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imately twice normal load and operated at this load. Fig. 5 
shows the action of a relay set at twice normal load and operated 
at three times normal load. Fig. 6 shows the action of a relay 
set at twice normal load and operated at five times normal load. 
In general the conditions under which the relays are required 
to operate require characteristics as shown by Figs. 5 and 6, 
therefore the first parts of the curves, as shown by Fig 4, are 
of minor importance, except to assist in setting the relay. 

The general practise of running two transmission lines in 
parallel, either of which will carry the entire load under emer- 
gency conditions, calls for a relay to cut out automatically 


— 
o 


TIME IN SECONDS 


0 5 10 15 20 2% 80 8 40 45 50 G5 60 


SECONDARY AMPERES 


Fic. 6—INVERSE TIME Limit SELECTIVE RELAY 


the faulty line or section of line without interrupting service. 
This operating condition cannot be met by the ordinary time 
limit relay. 

The relay giving curves Figs. 4, 5 and 6 will operate on 
unbalanced overload, but owing to the current being practically 
the same in each line when subject to short circuit, the time 
limit relays alone could not be depended on to act selectively. 
Consequently it is advisable to install an instantaneous differ- 
ential balance relay in the incoming line of each substation in the 
series. This relay should be arranged to open the line in which 
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a reversal of current occurs and at the same time lock the relay 
in the other line, preventing its operating due to overload. 
The fault being instantly cut out at the incoming line end of 
the system, the outgoing lines from main and substation, which 
should be equipped with inverse time limit relays, will then act 
selectively to cut out the defective line. 
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Transmission systems are often extended to include territory 
not included in the original scheme for development. This 
often gives rise to peculiar operating conditions requiring special 

relay application to obtain satisfactory selective action. For 
instance, Diagram No. 2 shows a two-line transmission system 
to which a branch line (at the right) and a tie line from substation 
A to substation B were added. The single line being intended to 
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provide as good service at A as at B, no special attention is 
given to the subject of selective action. The two-line system 
should get satisfactory automatic selection by using inverse time 
limit relays at the outgoing line end and instantaneous balance 
reverse current at the incoming line end as previously described. 
The additional side line, however, requires a relay equipment 
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similar to the bucking transformer and pilot wire scheme much 
used in Europe. 

As the current in the tie line between A and B may flow in 
either direction, and as in case of trouble between A and B, the 
A and B switches in this line should open without interruption 
of the two main lines or line from main station to A, an instan- 
taneous relay, operating on underload or current flow in both 
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directions, is required, with the contacts so arranged that the 
switches can be closed immediately after tripping. The same 
equipment may be used for the line from main station to A. 
It will operate selectively on the single line, cutting out line. 
trouble between the-main station and A, or A and B , without 
interruption of service. 

The addition of lines.to A, makes it possible to run with one 
of the lines from main station to B cut out, and still have two 
parallel transmission lines, and to do this, it is necessary to 
change the incoming line balance relays at B to time limit relays. 
so that each of these two lines must be protected as before. 
In case only one of them is in circuit, it must be protected 
and capable of being cut out at both ends; consequently, the 
balance relay must act selectively when both lines are in, and 
as overload when only one is used. The time feature is neces- 
sary to enable the instantaneous relays to cut out either section 
of the lines to A in case of trouble on them, without interrupting 
service from main station to B. 

The practise of some large central stations is to run separate 
feeders for each customer’s load. This makes a very simple and 
desirable operating arrangement, the advantages of which no 
doubt more than offset the saving by using one feeder for several 
customers. 

In order to keep the installation cost low, it is the practise 
to install an oil switch at the main or distributing station end 
capable of opening the line under short-circuit conditions and a 
switch of much less rupturing capacity at the service end. 
The latter is arranged to open under operating overloads, but is 
locked for all loads above the capacity of this switch. 

To obtain automatic operation for this equipment, an instan- 
taneous or inverse time relay (Figs. 4, 5, 6) set for heavy loads is 
required for the main station switch, and a similar time limit 
relay set for low ovérloads and an instantaneous relay set for 
heavy loads for the service switch. The instantaneous relay 
renders inactive the substation time limit relay for all loads 
above the capacity of the substation switch, which causes the 
main station switch to cut out the entire feeder. 

I believe that this represents the most practical way to develop 
service lines from central distributing stations, as it allows of 
using lower cost substation switching equipment, and gives 
minimum interruption of service without the necessity of relay 
refinement required by some of the methods of development 


previously described. 
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The protection of apparatus, such as induction motors, which 
would be injured by sudden return of power, after failure, re- 
quires underload or low-voltage relays which will instantly dis- 

-connect the machine as soon as load current or voltage drops 
below say 50 per cent of normal. 

Another class of apparatus, in elevator service, makes advis- 
able a relay which will operate instantly on a mechanical reversal 
of phase at comparatively low current value. 

The problems here presented are general and cover practically 
all of the operating characteristics required of relays commonly 
found for automatic protection of power systems. They are, 
however, actual, and I have attempted to bring them out in de- 
tail sufficiently to impress you with the importance of giving 
most careful engineering consideration to systems now installed, 
and to new developments and extensions, with reference to 
automatic protection, selective action, continuity of service and 
the consequent relay equipment involved. 
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Discussion on “Some Prosiems or Hicu-Voitace TRANS- 
MISSIONS ” (STEINMETZ) AND ‘‘ CHARACTERISTICS OF PRo- 
ae Retays’”’ (HEWLETT). New Yorx, Marcu 8, 

David B. Rushmore: [ want to say a few words about some 
of the new things in power transmission. President Dunn 
mentioned the waterpower part of it—water is often spoken of 
as “white coal.” We are now coming to a situation of ‘ black 
water,” that is, we are going beyond the development of water- 
powers for power transmission, and one of the installations under 
consideration, which is just being put in, is one of the most inter- 
esting phases of present power transmission. The Lehigh Coal 
and Navigation Company, the oldest of the anthracite companies 
in the Pennsylvania field, is just in the process of installing the first 
steam station in the East for purely power transmission pur- 
poses. They are going to be within easy transmission distance 
of both New York and Philadelphia, and ultimately will have a 
steam turbine plant of 120,000 kw., as their plans are at present. 
In future they may exceed that capacity. Their plans are to 
transmit power, for local distribution largely, for cement mills at 
first, and also, presumably, for the lighting of the towns through 
which they will pass, and possibly reaching into New York or 
Philadelphia, or both. 

There is now in process of construction on the Mississippi 
river at Keokuk, Iowa, a 400,000-h.p. plant to develop the 
water power and naturally to reach out in all directions and 
furnish the lighting and power for that neighborhood. 

In other parts of the central west there are under actual con- 
struction at the present time a number of plants for transmitting 
power from coal mines, burning the coal and transmitting the 
power, combining in one system a large number of smaller 
lighting and power plants. Very soon there is to be in operation 
in Virginia a waterpower plant which is going to sell electric 
power to the Pocahontas coal field, which is a very unusual 
situation. There has just been placed in operation in Michigan 
a plant to operate at 140,000 volts, and there is under considera- 
tion, in the farther west, a plant which may operate at a very 
much higher voltage than that. So that power transmission 
at present, in the art of transmission, in the development of the 
anthracite fields (and I may add that the other anthracite com- 
panies are watching this development with the greatest of interest, 
because selling their power in that form has many attractive 
features, and it is not unlikely that we may have anumber of 
other developments in this field)—in the kind, in the voltage, in 
the distance, the high-voltage power transmission, (not the 
question of high-voltage power distribution in large distribution 
circuits as in the Ontario hydroelectric system,) is coming more 
and more under consideration, and also the question which we 
must face at some time, the State control of power distribution, 
as in Ontario the State will sell power to municipalities. That 
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borders on a question of great importance to a large number of 
men. Some of you know that the Ferris bill at Albany proposes 
to do this. 

There is one gentleman at this meeting who has had very much 
more experience in actual power transmission work than most 
of the men in the Institute, having been connected with the early 
development in Utah of the Telluride Power Company, which 
was one of the earliest of the large transmission companies, and 
afterward he served as operating manager of the Central Colo- 
rado, and now he is in St. Louis preparing to receive a large pro- 
portion of the 400,000 h.p. which is being developed on the 
Mississippi at Keokuk. I refer to Mr. Ruffner, and I am sure 
it would be very interesting to the Institute members if he could 
be induced to tell something of his experience in this work. 

C. S. Ruffner: The general problems of trunk transmission 
systems are those which are growing out of the distributing sys- 
tems of lower voltage, and it seems that we must shortly face 
the necessity of so providing means of control and operation on 
large interconnected high-voltage systems of large power that 
those systems may be operated with the same reliability and 
satisfaction with which the lower voltage and lower capacity 
circuits have heretofore been operated. 

That seems not only to be a question of degree in voltage and 
power concerned, but in some measure a question of the methods 
of connections and details of operation. Particularly, I believe 
that the features brought out by Mr. Hewlett’s paper are 
the ones on which the greater part of the success of any high- 
voltage power system must depend. 

Unfortunately the larger systems now in operation seem to 
have been the result of more or less gradual growth of various 
systems with very little harmony in their original design, which, 
being connected together, operated under adverse circumstances. 
Under these circumstances the questions of relays and control 
have become of the greatest importance. If such systems 
were possible of immediate development in their final stage, 
relays would be not only disadvantageous, perhaps, but a dis- 
tinct nuisance, and I am sure Mr. Hewlett then would not rec- 
ommend their use in general. Most of the relays I have been 
acquainted with have been relays installed in the hope that they 
might accomplish some good function and were operated either 
by disconnecting from the control circuit or plugging their 
connection by some means. That, I think, should not be taken 
as a criticism of the proper use of relays, but rather an expression 
of the belief that they have been used too indiscriminately and 
in places where they should not have been used. Perhaps, to 
counteract the impression that statement may have made, I 
owe it to Mr. Hewlett to say that we have used in Colorado 
his balanced relay, described in the paper, with excellent 
results, when nothing else seemed to be able to insure satisfac- 
tory service. In that case two power stations were feeding one 
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substation from a single line each, that is, the two lines came to 
one point, and from that substation the lower voltage power was 
delivered to a synchronous system, the system including lighting 
service, induction motors, synchronous motors, and such appara- 
tus as is used for general factory and residence lighting. A great 
deal of trouble was experienced on the transmission circuits of 
that plant, but after installing this equipment of relays their 
action was made accurate enough so that in several cases they 
disconnected the defective line, allowing service to be continued 
from the remaining good line—in one case, from a station which 
at the time of the occurrence had been running as a synchronous 
motor with no water on the waterwheel, and disconnected 
that defective line promptly enough and acted in partnership 
with the waterwheel governor so that the synchronous load was 
not interrupted. I think that is as much as could be asked 
of any relay, and it was necessary to use relays in that situation 
to obtain any satisfactory service at all. 

There is one other feature that might be of interest, referring 
to the statement made in Dr. Steinmetz’s paper, on the action 
of suspension insulators, of atmospheric disturbances being 
manifested particularly at the insulator closest to the transmis- 
sion line wire. 

I recall one system in which some two hundred cases of light- 
ning disturbance occurred during one season. In all the cases 
where the disturbance affected the transmission line insulators, 
the disk nearest the conductor was damaged, in most of the cases 
punctured, and in about twenty-five per cent of the cases in which 
the insulators were damaged, the insulator nearest the grounded 
structure suffered in the ensuing arc. None of these were punc- 
tured. This shows very distinctly the effect of the high-fre- 
quency disturbances on the puncturing and failure of transmission 
line insulators. It indicates, apparently, that we might insulate 
a line too thoroughly, for ordinary purposes, and still could not 
obtain satisfactory service at high frequency. 

I have seen a great many cases of transmission line trouble, 
originating in line and apparatus, and being manifested in break- 
downs at different places in the circuit, but I have never yet 
seen a case of failure of any of the connected apparatus which 
did not seem to be entirely due to the localization of potential 
due to the point of high frequency and reactance. Perhaps 
that statement is a little too broad, but I can recall no occurrence 
of an arc, due to the failure of any apparatus, or over-voltage, 
which was not very clearly explained by the presence of high 
frequency combined with the change of circuit constants at 
the point of breakdown. 

F. W. Peek, Jr.: I think in connection with Dr. Steinmetz’s 
paper it is interesting to look back into the past, and then 
forward into the future, to see how past difficulties compare 
with present difficulties, how apparent limitations of the past 
compare with apparent limitations of the future. What makes 
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me think of this is that the other day I came across, quite ac- 
cidentally, an old book of letters by a very prominent engineer— 
it was not such an old book either, measured in time, but old 
measured by engineering progress. The writer stated in one 
letter that an operating transformer had actually been built 
that could stand 15,000 volts, and it was hoped that ultimately 
a transformer could be built to operate successfully at 20,000 
volts. 

The apparatus at that time was the limiting feature of trans- 
mission. Voltages went up by leaps and bounds, and transfor- 
mers were shortly thereafter operating practically at voltages 
of from 50,000 to 60,000. At this stage the pin type insulator 
began to give trouble, so, naturally the suspension insulator was 
invented. Voltages then jumped up to 100,000, and another 
trouble appeared, or what seemed to be a trouble or limiting 
feature, that is, corona. This led to investigations of corona 
losses, and it now appears that we still have some margin in the 
matter of corona limit; for instance, power could be transmitted 
at 200,000 volts with a conductor about one inch (25.4 mm.) 
in diameter with 12 to 15 feet (3.6 to 4.6 m.) spacing. 

With long lines and high voltages other troubles appear; as 
an example, suppose we take a line, say, 200 miles long, with a 
voltage of 140,000. The capacity current may equal the total 
load current of the whole station. This will mean trouble 
unless some method is adopted that will take care of this heavy 
leading current, or the generator units are properly arranged as 
to size. If part of the load is supplied by part of the generator 
units and the load is suddenly lost, these units may be over-loaded 
by the capacity current. Another emergency to be provided 
against is the rise in voltage at the receiving end (due to capacity 
current through reactance) when the load is suddenly thrown off. 
Taking a practical instance, after the comparatively small light- 
ing load is taken on in the evening, the heavy factory loads go 
off; over-voltage is put on the lamps. Fortunately, the effect 
of capacity current can generally be well taken care of by shunted 
synchronous reactance. 

Now, it is rather interesting, for the moment, to look forward 
into the future and perhaps ask a question—What will actually 
be the limiting voltage of power transmission, or limiting dis- 
tance? Will it really be due to the loss of energy into the air 
by corona, the line insulator, the apparatus, or will it be an elec- 
trical feature after all? Will it not rather be, with some few 
exceptions, an economic or natural feature? For instance, the 
power naturally concentrated at a given point, as in a waterfall, 
will generally be exceeded by the demand before the distance 
becomes so great that it is necessary to use voltages above the 
electrical limit. 

Percy H. Thomas: In the early days of power transmission 
the assumption was that the length of line that would be finan- 
cially justifiable would limit maximum voltage, the theory being 
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that a voltage as low as would carry the load the requisite dis- 
tance should be used. At the present time, however, high 
voltage is required, not necessarily for long distance transmission, 
but for large power transmission. This high voltage serves, in 
some degree, to produce leading current to balance the lagging 
current of a general load. From this point of view you will see 
there is an advantage in using from 150,000 to 200,000 volts, 
it possible, if there are to be stations of a half million horse power. 
Corona losses at 200,000 volts will undoubtedly be taken care of, 
as have all the other difficulties that have come up in high-tension 
transmission work. 

It has just been said that there was a time when it was ques- 
tionable whether 15,000-volt transformers could be made to 
operate. I happen to remember a case where some 10,000-volt 
transformers were ordered and promised, and some were built. 
These were oil-insulated, but no solid insulating material was 
used in addition to the oil, and the transformers were found, 
when tested, to stand only something like one-third normal vol- 
tage, if I remember correctly. They were started up and ran 
at as high voltage as they would stand, and then they were taken 
out of the oil and examined, and then put in good shape and put 
in again and the voltage again applied and the transformers run 
a little longer. Soon a voltage as high as half normal voltage 
could be used before they broke down. They were examined 
again and found not to be injured, and were put in oil again, and 
after having been run thus a half-dozen times, they finally 
got to a point where they would operate at normal potential, 
10,000 volts. They were finally taken out and put in service 
and did good work. It was not understood at that time that it 
was necessary to dry transformer oil. As they were run and 
operated they got hot, and with patience the tester unconsciously 
succeeded in getting the oil dried out. There was no harm done 
by the numerous breakdowns because there was no solid material 
between coils, and the oil space alone was relied on for insulation. 
Transformer construction has progressed somewhat since that 
time. 

Dr. Steinmetz pointed out one of the weaknesses of the sus- 
pension type insulator (the multiple unit insulator), that is im- 
portant to bear in mind. . He calls attention tothe fact that high- 
frequency disturbances are more apt to produce the concentra- 
tion of potential than ordinary 60-cycle voltages. This is true, 
but yet we must remember that the capacity of each insulator 
in the series, and the capacity of each to ground, both vary with 
the frequency. The effect of raising the frequency is not to 
change the relation of the capacity of the insulators as units in 
the series to the capacity of each insulator to ground, but high 
frequency gives the capacity currents, as distinct from insulator _ 
leakage current, the power to determine the voltage. — 

Dr. Steinmetz has also made certain comments in his paper 
on an old subject that used to interest me very much and 
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still does, and that is the matter of internal surges within trans- 
former windings. The action of the surging on a transmission 
line is relatively easily understood. This is because the constants 
of the transmission line are uniformly distributed— the capacity 
per mile at one point is the same as the capacity per mile at 
another point. Similarly with the inductance. But within a 
transformer winding the capacity per foot of wire and the in- 
ductance per foot of wire vary in different parts of the transfor- 
mer and change between the outer part of the coil and the inner 
part of the coil, between the line coil and the outside coil. There 
is also capacity between the high-tension coils on their surfaces 
opposite the low-tension coils, and opposite the core. The net 
result is that the condition of uniformly distributed inductance 
and capacity does not exist when the wire is wound into a coil 
on a transformer, and therefore none of the ordinary formulas 
for line conditions apply to the transformer; only empirical 
methods can be used. 

Dr. Steinmetz is right in saying that a high-potential surge 
consisting of a single wave approaching from a line will enter 
to some distance into a transformer. I am inclined to think, 
however, that it is not a symmetrically preserved wave which 
passes along the winding from the terminal to the interior of 
the transformer, but rather that the rush of current in proceeding 
part way into the outer coil, which it first reaches, induces in 
the adjacent coils a similar rush of current, just as one transformer 
coil induces potential in another. Usually there are two or 
more high-tension transformer coils close together. You cannot 
produce a disturbance in one without producing by electromag- 
netic induction a disturbance in the other, and I am inclined to 
think that that is the real reason why the surge striking one coil 
will produce a surge which will be found in the next or subse- 
quent coil. 

I made some experiments some years ago to study this matter 
I worked on a transformer with ten high-tension coils very 
thin and very deep, arranged close together, where the conditions 
for mutual inductance were particularly favorable, and I traced 
the concentration of potential on the outer coil, which was struck 
by a static disturbance produced by an arc, and the effect was 
very marked on the first few turns, less in the next, and so on 
until it became*normal voltage, taking the whole coil into con- 
sideration. The next coil had taps brought out permitting the 
measurement of the concentration of voltages there, and there 
were concentrated discharges on the turns of the inner coil, 
much less in magnitude, to correspond exactly with the concen- 
tration on the outer coil, and these induced currents from an 
electromagnetic field existing in the space about the coils—the 
transformer primary (first coil) induced current in the trans- 
former secondary (second coil). 

A. E. Kennelly: We are all indebted to Dr. Steinmetz for 
making so clear the peculiar differentiating conditions that occur 
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in a string of suspension insulators, so that we may look upon 
these, in the future, from an electrical standpoint, as a sort of 
inverted Chinese pagoda. It is also very interesting to notice 
the effect of increasing voltages upon disturbances inside the 
transformer. We used to think that with one outer door we 
could limit all the high-frequency disturbances to the outside of 
a transformer, and keep every thing safe indoors. Now we find 
that we must not only barricade the stairs as well as the doors, 
to keep high-frequency disturbances from invading, but that we 
must also supply some kind of a fire escape. 

In regard to that part of Dr. Steinmetz’s paper which deals 
with the rise of voltage on long distance lines, we have at Harvard 
an artificial long distance transmission line which is 500 miles 
long, three-phase, or 1500 miles single-phase, probably the 
longest of its kind which has yet been built. It is very easy to 
make electrical measurements on such a line, because there are 
no difficulties with lightning, switching, synchronizing, or load 
variation. The advantage of such a line is that you can do onit in 
an hour what on an actual, regular transmission line it would 
take a week to accomplish, in the way of making observations 
and switching. 

We have taken 650 miles of the artificial line, as being repre- 
sentative of the longest line likely to be produced in the near 
future, and have operated that at various frequencies, from 25 
cycles per second up to over 400 cycles per second, and the 
differences produced are very marked. It is difficult to keep 
the frequency sufficiently pure. If there are harmonics in the 
impressed e.m.f., complications enter into the results, but if the 
frequency of the impressed e.m.f. can be kept very nearly pure, 
definite and easily verified observations are obtainable. 

The results are being calculated and worked up for a paper 
that we hope to present at a later date. 

In general, we find that at 60 cycles per second and 1000 
km. or 621 miles of line, the rise of voltage at the distant end, 
with a sinusoidal e.m.f. impressed on the home end, is about 
75 per cent, so that if you have 100,000 volts at the initial end 
you would have 175,000 on the distant end, without load. As 
the load is put on, there is a tendency to bring that excessive 
voltage down, but nevertheless, at what may be called rated 
load, there is still great difficulty in regulation, as Dr. Steinmetz’s 
paper describes. If, however, we take 25 cycles per second, the 
rise of pressure is only 10 per cent instead of 75 per cent. The 
open end rise of voltage is therefore relatively negligible on 25 
cycles per second, whereas it would be very serious, indeed, on 
66 cycles per second with no magnetic reactance taps at inter- 
mediate stations. 

When we come, however, to 400 cycles per second, we may get 
a rise of voltage of ten times the voltage applied. With a seven- 
fold frequency or a 420-cycle harmonic impressed on top of the 
60-cycle generator, you can see that a 10 per cent ripple would 


192 TRA NSMISSION—RELAYS [March 8 


be able to produce something like 100 per cent increase in voltage, 
compounded at right angles to, or by “ crab addition ”’ to, the 
fundamental; that is to say, 10 times 10 per cent would give 
100 per cent, at right angles, or perpendicular to the regular 
pressure and that would mean 41 per cent increase by voltmeter. 
~ So there is good experimental reason to believe that a distinct 
rise in voltage at the distant end of the transmission line, on 
open circuit, may be due to the effect of ripples of a higher 
frequency. 

The subject is very interesting and practical; but it is neces- 
sary to go slowly so as to check up each particular set of 
observations by calculation. One can secure more observa- 
tions on the artificial line in an hour than can be worked 
out in a fortnight. Without hyperbolic functions, it would be 
hopeless. 

A. S. McAllister: The inaccuracy of the term “ reverse- 
current ’’ relay is apparent when one considers that the relay 
is used in a circuit in which the current always reverses from 50 
to 120 times per second. In no respect can the device be called 
a reverse-current relay. What reverses is the flow of energy, and 
the device is, therefore, a ‘‘ reverse-power ”’ relay. The incorrect 
term is in common use by the manufacturers, but it should not 
be permitted to appear in the Transactions of the Institute. 

Farley Osgood: First, I want to thank Dr. Kennelly for his 
new term “ crab-addition.’’ It is most original and unique. 

I have very little to say in the nature of a direct discussion of 
either of these papers. I might give a word of caution, however, 
as an operating engineer, in the matter of the care of the relays. 
I do not think that Mr. Hewlett warned us quite enough as to 
this point. Unquestionably, the proper operation of this bit of 
apparatus depends very largely on its being carefully watched, 
carefully tested, and most important of all, carefully and often 
cleaned. The great trouble with relays is that they are such a 
comfort that when they work well we very largely neglect them, 
and leave them to go their way without any attention. The 
relay is a good friend, in good condition; but it is the worst 
friend we have, when it is in bad condition. A set of instructions 
properly drawn up, covering the periodic cleaning and testing 
of relays, should be enforced in any operating company; and 
the man in charge of the operation should insist, not only that the 
reports be sent to the chief at the specified time, but that the 
report should be fairly and honestly, filled out by the men who 
_ do.the-worl, staung Unat the work 1s dole’ Unless we help 

the designers of the relays by doing what they tell us we 
must do, there is no reason in the world for us to expect that 
the apparatus will serve our purpose, and I assure you that it 
will not. 

C. O. Mailloux: The president has called attention to one 
of my early sins. I plead guilty to being one of the original 
inventors—I even think I was the first original inventor—of the 
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automatic electromagnetic circuit breaker. I was its sponsor, and 
its wet nurse, and I assure you it was a very ticklish and trouble- 
some task. However, it survived, and it quickly made.a repu- 
tation, largely in the hands of other foster-parents, in other 
words, various manufacturing concerns promptly appropriated 
it, incidentally without giving any credit or any remuneration 
to the original inventor in spite of the broad patent which 
the Patent Office granted him for the invention twenty odd 
years ago. But I survived that, fortunately, and so did the 
circuit-breaker, and it has proved a very useful and practical 
device. 

Now, the circuit-breaker as I first conceived it was a relay; it 
was nothing more than an adaptation of the relay. The first 
circuit breaker which I invented, and which I may say, inci- 
dentally, was first used on the first electric car which ran in 
New York City (a storage battery car), in 1887, was a “ relay ”’ 
circuit-breaker. My first attempt failed, because it followed too 
closely the original idea of the telegraph relay, but one idea led 
to another and eventually something else was added to the idea 
of the relay and in due course, a working device was produced. 
It. may be said that necessity was the mother of invention. in 
this case. In those pioneer days of electric traction, a motorman 
often used up his stock of extra fuses before the car returned to 
the starting point. My own personal experience in improvising 
fuses made up of bits of copper wire, at the most inconvenient 
times and places, was what made me think of using a relay t 
control a switch. 

While I suppose that every one in the electrical business has 
had more or less experience with relays, none of us has had 
as much experience as those who have seen the relay at work 
and have dealt with it in telegraphy. Our president, Mr. Dunn, 
and our past-president, Dr. Kennelly, are both experts in 
telegraphic engineering, and they could tell us a great deal about 
the virtues and qualities of the relay in telegraphic work. If 
‘there is any device which is really accurate and satisfactory, and 
which has the smallest percentage of error of any piece of 
apparatus, it is probably the telegraph relay. When one con- 
-siders the number of “ clicks ’’ it makes in a year, and the very 
small percentage of failures which it makes of its own accord (that 
is, eliminating the errors due to the operator), one must admit 
that the telegraph relay is a very perfect piece of apparatus. | 
~~ Now, when one sees the service it has rendered in telegraphy, 
one may well ask why it cannot render equal service in other 
branches. We know that it has done it in railroad signaling, for 
instance, in automatic railroad signaling, a field in which it 
has rendered a great deal of very useful service. In the operation 
of automatic devices in connection with central station appli- 
-ances the relay has given some good service, but very small, I 
think, in comparison with what it is destined to render. 

My experience with the relay, as applied in certain stations, 
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has been characterized by some of those experiences which were 
referred to by the first speaker. As one of the first inventors, if 
not the original inventor, of the switch-controlling relay, I 
have always had a fondness for using the relay; and I was one 
of the first men to attempt to use it in connection with high- 
tension work. This was some years ago; and I must say that it 
worked most often and best when it was cut out of the circuit, 
as another speaker said. It was usually found most reliable 
when there was an attendant to watch the apparatus and cut 
out the circuit if he heard the transformers roar too loud. 

In spite of the fact that the relays would get out of order, and 
were, in some respects unreliable devices, which required a 
great deal of cleaning and attention and testing, I never entirely 
lost faith in them. I have always believed in them and I believe 
now that they have a great future. I have always believed that 
we can, by their means, do a great deal that we now depend on 
human intelligence to do. I believe the relay is destined to play 
a very important part and we are only just beginning to see its 
development. 

The task of presenting the characteristics of relays could not 
have been entrusted to a better man than Mr. Hewlett, who 
is known to be one of the most experienced men in connection 
with the equipment of a power house in so far as the apparatus 
which is requisite for the regulation and control of the circuits 
is concerned. Those of us who have had occasion to deal with 
him and to find out what he knows or what he can suggest are 
well satisfied that the problem could not be placed in better 
hands, and I know that in his hands it will undergo a process of 
development that will eventually give us far better results than 
we obtain now, though even now we are beginning to obtain 
quite satisfactory results. 

The paper of Dr. Steinmetz, especially, is one of those papers 
which may be said to fill one with a number of emotions and 
feelings because it brings to us in condensed form very many 
interesting facts and phenomena which most of us would never 
have surmised could possibly exist even a few years ago, and 
which, nevertheless, as we see, play a very important part in 
the possibilities of high-tension and long distance transmis- 
sion. We find placed before us in intelligible form certain 
electrical phenomena with which we were all acquainted in 
their physical manifestations; for instance, the reflection of the 
wave, which is perfectly familiar to us as-2-pksnomenon in 


“Optics, but which is not so easily grasped when we try to deal 


with it as an electrical phenomenon. The interesting facts to 
which Dr. Steinmetz calls attention, I think, are of the greatest 
significance and importance, and I am very glad indeed that 
there has been such an interesting discussion of them. I believe 
that the paper is one that will be very useful by the suggestions 
it contains and the realization which it brings to the mind of 
important facts that we had before ignored. 
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C. C. Badeau (by letter): The object of this discussion is to 
call attention to the very important point that, besides selecting 
the proper type of curve for the proper protection of a system, 
extreme accuracy of the relays producing this curve is absolutely 
necessary in order to get satisfactory operation, as I believe more 
trouble is caused by the inaccuracy of relays than by selecting 
a relay with the improper form of curve, and anything in the 
relay field which would tend to make relays more dependable and 
accurate should be welcomed. 
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Some relay curves which differ slightly from those shown by 
Mr. Hewlett in his article are presented herewith. It will be 
noted that in Fig. 1 of this discussion the relay curves do not 
become parallel until 30 amperes is reached, that is, the action 
below 30 amperes is inverse and above 30 amperes is definite. 

The curves produced by this relay also differ from those shown 
by Mr. Hewlett, as in all of the curves shown in Mr. Hewlett’s 
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article, except Fig. 2, the lines converge and tend to instanta- 
neous operation, and a severe short circuit will destroy the selec- 
tive action of relays set in this fashion. Mr. Hewlett has carried 
his curves out to 60 amperes, which is only twelve times full 
load current. Forty and fifty times full load current is not at 
_all unusual on heavy short circuits, and with this amount of 
current, selective action, with relays which present such curves 
‘as shown in Mr. Hewlett’s paper, is destroyed. 

These are the times when selective action is required, and, 
therefore, the type of curve selected should be one in which, 
after the relay operates in a predetermined time, it cannot 
operate any more quickly, no matter how much current is passed 
through it. Relays having these characteristics—both as 
regards accuracy and curve—are now on the market and in use. 

Charles W. Stone: There are two or three points involved in 
Dr. Steinmetz’s paper to which I would draw attention. I 
think the main feature of this paper is the question of distribu- 
tive voltages over the different disks in forming a string of insula- 
tors. 

What Mr. Peek has said is a point that we may think a great 
deal more about a few years hence, and that is, that before we 
get to the economical limits, as far as electrical apparatus is 
concerned, we may reach the other limit; that is, the develop- 
ment of power load may be too slow to keep pace with the 
industrial development, and consequently, before we are able 
to reach out into a distance so great as to make it impossible 
to use the present type of construction, we will have a larger 
field for the market near at hand than we can supply. 

The figures given by Dr. Kennelly are extremely interesting, 
in regard to experimental transmission lines, and they are 
exactly in accord with the figures we have arrived at in con- 
nection with a small transmission line of about 150 miles which 
has been built and installed in Union College in Schenectady. 

The question of frequency has a very great effect upon the 
ultimate rise in voltage at the end of a transmission line, but I 
do not think it has been quite realized, in quantitative figures, 
what that comparison was. 

I think that one thing that Mr. Thomas brought out in 
connection with the internal surges in the transformer perhaps 
may be misunderstood. I agree with what he said, so far as it 
went, but I think it applies principally to surges which have 
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= ei otal Led OULSIGE OL une UfalisilTine:. “4 think there are other 
surges that start inside the transformer, that are blanketed 
out by outside devices, and from those surges we have no means 
of protection at present. : 

E. M. Hewlett: Mr. McAllister brought up the point of the 
names of relays covering different functions, and I think it-was 
an excellent point. We would like help on that point. It is hard 
to find descriptive names that seem to cover the different types 
and details of relays, and if any one can give us any suggestions 
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for this purpose, I personally would be very glad to use them, and 
we will see what we can work out as the best names for different 
circuits. I think that is a matter the Institute might consider, 
and assign suitable terminology. 

G. A. Burnham (communicated. after adjournment): The 
subject of protective relays has been given serious consideration 
by engineers of late, and it is certainly a topic in which those 
concerned in the generation and distribution of electrical energy 
should be vitally interested. 

As Mr. Hewlett has well pointed out in his paper, prac- 
tically no type of relay will meet all conditions arising, even 
in the simple distribution, and the selection of relays for the 
protection of the complex interconnected network of our modern 
- large capacity stations requires careful study. 

In speaking of protective relays we naturally associate them 
with the opening of a circuit breaker in order to relieve a system 
of some abnormal condition. On the contrary, it is as much the 
duty of the relay to prevent the breakers from opening in order 
to maintain continuity of service. 

The selection of a relay should not be determined entirely by 
the curve of its characteristics, although we must admit that 
the shape of the curve is of vital importance. I believe that 
accuracy and permanency should have at least as much. bearing 
as the shape of the curve and should be the first consideration 
in the determination of protective relays, especially for selective 
operation of circuit breakers. It is not so important that relays 
should be extremely accurate on moderate overloads, but on 
short-circuit values of the current of, say, eight to ten times full 
load; the error should not exceed 0.1 sec.; in fact, recent develop- 
ments have produced relays so designed that with a current in 
excess of twice full-load current the error in operation is negligi- 
ble. This extreme accuracy is of importance in that it really. 
reduces the total time of operation of the circuit breaker and 
relay, and it appears that with a relay of this type one-half 
second is really more time than is needed. For instance, if we 
assume 0.6 sec. for switch operation with two relays only, the 
total time, with one-half second setting between relays on the 
occurrence of a short circuit of, say, twelve to fifteen times full- 
load current, would be 1.6 seconds, which certainly is not 
desirable where a relatively large generator capacity is con- 
nected to the busbar. If the relays are set for one-quarter- 
second selection, the total time becomes 1.1 sec., or, in other 
words, the system is relieved of ajnormal stresses approximately 
40 per cent more quickly than with one-half-second settings. 
This is certainly of importance where synchronous apparatus is 
employed. 

With extreme accuracy, a relay having a curve the first part 
of which is inverse up to a point, say, of four or five times full- 
load current and definite thereafter, irrespective of the value 
of the current, is desirable, as it tends towards continuity of 
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service and still affords protection to the apparatus and cable 
system. In view of the tendency towards the use of power 
reactances to limit the possible short-circuit current to twelve 
or fourteen times normal, it appears that this type of curve should 
appeal to the operating engineer. 

Another feature of extreme importance in time limit protective 
devices is the resetting feature of the relay. A relay should reset 
on at least 75 to 80 per cent of its minimum setting, and the 
circuit-closing contacts should instantly resume their original 
position. 

Regarding Mr. Hewlett’s statement in connection with the 
protection of separate feeders by the use of circuit breakers hav- 
ing a low rupturing capacity installed at the various distribution 
points or substations, and a master switch of relatively high 
capacity located at the main station, so arranged that a short 
circuit in excess of the rupturing capacity of the small switches 
would result in locking them and allowing the high-capacity 
breaker to open the circuit, it apparently is a step in the wrong 
direction, so far as continuity of service is concerned. 

It appears to me that in large central stations the matter of 
protection is really decided by two factors—so-called short- 
circuit interruptions and continuity of service—and that the 
matter of moderate overloads is something which the switch- 
board attendant could control. This being the case, it appears 
that little advantage could be gained in having a circuit breaker 
at the substations or distribution points which was only suffi- 
cient to open moderate overloads, and this advantage would 
be more than overbalanced by having the large capacity breaker 
interrupt the service of all distributing points on that particular 
feeder. In other words, we would really have a feeder which 
has no protection from short circuits except the main switch 
at the main station,and in every event interrupting the entire 
service on the feeder. It does not appear to me that such an 
arrangement would meet with the approval of operating engi- 
neers. 

E. A. Lof (communicated after adjournment): The protection 
of life and apparatus in connection with the maintenance of 
an uninterrupted service is a problem of utmost importance in 
any engineering undertaking. This is especially true in the 
present large electric power developments, which now mostly 
reach a capacity far beyond manual control. The expensive 
machinery and apparatus used in modern central stations and. 
lohy distance high-tension cratisiuissions makes it absolutely 
necessary to provide reliable automatic means for disconnecting 
generating units, transformers, transmission lines and dis- 
tributing feeders at certain critical moments, both for the pro- 
tection of the apparatus itself and for the maintenance of an 
uninterrupted and successful operation of the system. 

The problem of protecting our power systems against shut- 
downs is therefore nowadays being given most careful atten- 
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tion, and all of our modern plants are equipped with automatic 
protective devices to meet almost all conditions of service. These 
conditions naturally vary greatly in different systems and a 
careful study must be made in each particular case to determine 
the most effective protection for the system in question. The 
following discussion of the relay applications to the systems most 
generally met with in our long distance transmissions may, there- 
fore, be of benefit to some. 

Fig. 2 represents the very simplest transmission system, con- 
sisting merely of one generator and step-up transformer, a single 
transmission line and step-down transformer. It is evident that 
the only protection which would be required for this system is an 
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automatic generator switch. This should preferably be provided 
with the time limit relay, either of inverse or definite action, so as 
to prevent tripping of the switch on momentary short circuits, 
such as the swinging together of the line wires, etc. 

The substation switch is not absolutely required, and if 
provided it need not be automatic. In certain cases, however, 
it may be advisable to make this switch automatic also. Its 
time limit relay should then be set lower than the relay in the 
main station, so that a short circuit, etc., in the substation would 
simply trip this switch and thus confine the trouble to the sub- 
station, 
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The switches for the distributing feeders should, of course, be 
provided with instantaneous relays, so as to immediately dis- 
connect the feeder in which trouble occurs, without shutting 
down the rest of the system. 

Fig. 8 represents a diagram of a system consisting of three 
generators, two step-up and step-down transformer banks and 
two parallel transmission lines. A low-tension bus is necessary 
on account of the different number of generators and trans- 
formers. A high-tension bus, preferably, should also be provided, 
so as to insure a satisfactory division of the load between the 
transformer banks. The generator switches in systems of this 
kind are often of the non-automatic type; the reason given by 
the advocates of this practise being, as stated in Mr. Hewlett’s 
paper, the importance of keeping the generators in service 
in order to secure the most reliable operation, and the improba- 
bility of trouble between the generators and the busbars. The 
ability of alternating-current generators to stand a short circuit 
for some time will permit the operators to open the switches 
before any damage to the generators has been done. It seems, 
however, that it would be much safer to make these switches 
automatic, in which case the relays should be of definite time 
limit type, set very high. Reverse-current relays can also be 
installed. On a short circuit in one of the generators the current 
in this circuit will naturally reverse, causing the relay instan- 
taneously to open the switch, thus entirely disconnecting the 
damaged generator from the system and preventing the other 
generators from feeding into the short circuit. The objection to 
this type of relay is, however, that on short circuits it will 
practically act as an instantaneous overload relay, and may 
cause opening of all the generator switches, and thus a shut- 
down of the entire system. 

For protecting the two transformer banks, oil switches should 
be installed on either side. In case of trouble in one bank selective 
action should be provided, so that the injured bank can be dis- 
connected immediately without interrupting the other. This can 
be accomplished by means of instantaneous differential relays. 
This relay consists of two coils connected to current transformers 
in either side of the transformer bank. Ordinarily the effect 
of one coil neutralizes that of the other, but on a reversal of 
current through one of -the coils, each coil assists the other in. 
operating the relay plunger, thus instantaneously opening both 
the high- and low-tension transformer switches. 

This method, however, gives no protection against overload. 
If this is required, inverse time limit relays are installed for 
the low-tension transformer switches and instantaneous dif- 
ferential balance relays for the high-tension switches. On a short 
circuit in one of the banks, the relay for its high-tension switch 
will then act on the reversal of the current and instantly open the 
switch, at the same time locking the relay of the other high-ten- 
sion transformer switch, thus preventing it from Opening on over- 
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load. The low-tension switch of the injured bank thereafter opens, 
thus selectively disconnecting the faulty bank. It is evident that 
inverse time limit relays for all the switches would not insure 
a selective operation, as the current through all the relays would 
have approximately the same value, thus causing all the switches 
to trip simultaneously. 

The protection of the two transmission lines offers the same 
problem as just outlined for the two transformer banks, 1.e., the 
main station switches should be equipped with inverse time limit 
relays and the substation switches with instantaneous differential 
balance relays. 


-The step-down transformers in the substation should also be 
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protected similarly to the transformers in the main station, and 
the feeder switches should be equipped with instantaneous over- 
load relays, so as to cause an immediate disconnection of the 
feeder in which trouble occurs. 

Fig. 4 is a diagram ~f a system of considerable magnitude. 
One transformer bank is provided for each generator and no 
low-tension bus is required; a transfer bus, however, being 
installed. What has been previously said about the protection 
of the generators applies in this case. Either non-automatic or 
automatic switches with definite time limit or reverse-current 
relays can be provided, while the transfer switches generally 
are made non-automatic. 
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Both the low-tension and high-tension transformer switches 
should be provided with inverse time limit relays, or both switches 
can be operated from an inverse time limit relay installed on the 
side of the transformer which is opposite to the source of power, 
1.e., the high-tension side of the main station. This relay is then 
arranged to trip both switches and give selective action, as it is 
obvious that if a short circuit should occur in one bank the cur- 
rent through this relay would be practically the sum of the cur- 
rents through the other relays, thus causing the relay in the faulty 
circuit to act more quickly. This applies also to the protection 
of the substation transformers. 

Inverse time limit relays will evidently also give selective 
action for the transmission lines, when more than two are in- 
stalled. : 

When the total generator capacity exceeds the rated rupturing 
capacity of the switches, it has been common practise to provide 
one or more sectionalizing switches in the busbars. They are 
usually made automatic and provided with instantaneous over- 
load relays, so as to confine any trouble to one section, and pre- 
vent the switches from rupturing more than their rated capacity. 
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ECONOMIES IN RAILWAY OPERATION 


BY F. E. WYNNE 


Never before in the history of modern industrialism has there 
been such a stupendous effort made by every one for high 
efficiency as at the present time. It is the keynote of every 
convention; the proceedings of the Institute and other engineer- 
ing societies are full of it; magazines and daily papers are devoting 
a great deal of space to the subject. 

Under such conditions it is natural that the pendulum in 
railway operation, which has until recently been swinging far 
upon the side of safety and reliability at any cost, started to 
swing towards the side of reduction in cost, at the price, as some 
engineers think, of both safety and reliability. When this 
happens, an extreme is likely to be reached that may show a 
reduction in cost of some items that have been in the limelight, 
but will show an increase in other items affected thereby that 
will far outweigh the reduction. The way to avoid such an 
undesirable condition of affairs is to analyze carefully every 
point and study it from all sides before making a change from 
practise that is giving good results. In other words, the old 
maxim, ‘‘ be sure you are right, then go ahead,’ applies here 
with special force. 

Probably nowhere has this search for efficiency been more 
active than in the electric railway field. In the first place every 
part of the equipment has been studied with the greatest care 
to increase its life and reliability and decrease the cost of main- 
tenance. This has resulted in the present magnificent equip- 
ments that are found on all up-to-date roads. Car bodies, 
trucks, wheels, control and motors have all been improved to an 
extent undreamed-of a few years ago. Not only has there been 
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a great increase in reliability—which is always one of the greatest 
assets a road can have—but the cost of inspection and main- 
tenance has been reduced to a degree that makes it cheaper to 
scrap old equipments than to operate them. 

Since the life of wearing parts has been increased to such an ex- 
tent that but little return may be expected from further endeavors 
along that line, the busy minds of engineers all over the country 
have been turned towards other means of reducing cost of op- 
eration and have naturally rested on the cost of power. This 
is usually one of the larger items in the cost of operation and 
offers a fruitful field for investigation. A great many engineers 
have figured out the amount it costs to carry around the dead 
weight of a car and have given figures varying from 3 to 10 
cents per pound per year. These figures must of course depend 
on the mileage, the cost of power per kw-hr. at the car, and the 
kind of service. For instance, the mileage of cars may vary from 
15,000 to 90,000 miles per annum. Power may cost in one place 
0.4 cent per kw-hr. at the switchboard, and in another place may 
run twice that amount. Then the cost of getting a kilowatt- 
hour from the power house to the car varies widely. Finally, 
the conditions of service may vary so much as to take anywhere 
from 40 to 150 watt-hours per ton-mile at the car. A road which 
averages 50,000 miles per car per annum, consuming 100 watt- 
hours per tcn-mile at the car, and whose power costs 1.5 cents per 
kw-hr. at the car, will pay 3? cents per pound per annum for 
power. 
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But whatever the actual cost may be, it has put the matter 
before the operating people in such an attractive way that many 
of them have been bending every energy to reducing weight, 
thinking that every pound reduced, no matter how reduced, will 
result in an immediate saving of 5 cents per pound per annum. 
Some even go so far as to say that every pound removed from 
the dead weight of a car is worth 75 cents to them—off the car. 
This is the kind of talk that‘must be accepted with a good deal 
of reservation. It is no doubt true that if the cost of operation 
per ton-mile remains the same with the lighter weight cars and 
equipments, the saving will be made. The danger is that in 
reducing the weight, conditions may be altered so much as to 
make the cost of operation more than before. The cost of 
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inspection and maintenance may be increased on account of the 
necessity for more frequent renewals of wearing parts. It is 
intended to discuss in this paper some of the proposed means for 
saving power on electric railroads and to clear up, if possible, 
some of the misunderstandings that exist at the present time. 


I. REDUCTION OF WEIGHT 


In the development of the electric railways, the evolution of 
cars and equipments from the old horse cars to the modern’ 
double truck city cars and the high-speed interurban cars 
has been attended by much grief and loss. The, development 
was so rapid that the only method possible to pursue was to 
build the car and equip it, using the best judgment available 
in proportioning the parts. Where parts broke in service, they 
were usually strengthened by increasing weight and section, 
regardless of the actual cause of the break, which might have 
been in something entirely different. This of course resulted in 
designs which were unnecessarily heavy. It is the part of good 
designers and conservative engineers to re-design them, dis- 
tributing material where necessary for strength and cutting out 
as much unnecessary material as possible. It is astonishing 
what results have already been attained in this line, and the 
end is not yet. The use of high-grade materials and pressed 
steel shapes with new types especially fitted for them will still 
further reduce weights of car bodies and trucks, and now the 
question has been put squarely up to the electrical manufac- 
turers to reduce the weight of the motors and control apparatus. 

Motors. The weight of motors may be reduced as follows: 

1. By cutting out all useless weight; in other words, by very 
careful designing. 

2. By the use of high grades of metal to give the ieee ey 
mechanical strength with smaller sections. 

3. By the use of higher grades of insulation which will allow 
operation at higher temperatures and thus permit the use of 
smaller motors. 

4. By the use of forced ventilation, thus enabling the motor 
to carry larger continuous loads with safe rise in temperature. 

5. By increasing the armature speeds, which thus gives a 
greater output to a given size of motor. 

1. Improved Design. The first method of cutting the weight, 
that is, by eliminating all useless weight, is a quite obvious one, 
and has been followed to a greater or less extent for years. It’ 
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is now being worked to the limit, and it is safe to say that all 
motors which are designed hereafter will have a minimum of 
useless weight in them. 

2. High-Grade Metals. Higher grades of material have also 
been used more or less, and there are now very few motors that 
have cast iron in them where weight would be saved by the use 
of malleable iron or of steel. Heat-treated steel is also used in 
some cases for shafts, and will probably be used increasingly 
hereafter. At present, however, its use on standard apparatus 
is attended with danger and expense, since the methods of heat- 
treating steel are not generally well-known, and, where special 
materials are used, it always results in more or less dissatisfac- 
tion in making repairs. In any case, the reduction of weight in 
shafts that is possible by this method is very limited, since the 
‘reduction in diameter reduces the stiffness in the shaft very 
rapidly, and even if the shaft is of the high-grade material, it is 
not safe to permit the deflection. 

Great improvements have been made in steel castings in late 
years. This permits the use of thinner sections than it has been 
possible to cast heretofore. This will reduce the useless material. 

3. High-Grade Insulation. A certain amount of increase in 
capacity from a given size of motor may be obtained by the use 
of heat-resisting insulation, and it has been common practise for 
years to make use of such insulation in the larger sizes of motors 
and in field coils for smaller motors, it being common _practise 
to use mica insulation for armatures and asbestos-insulated cop- 
per strap for field coils. It is very difficult to increase the output 
of machines so insulated above that which has been obtained for 
years. Small wire-wound armatures have been wound in many 
cases with the wire insulated by preparations of asbestos which 
have increased the safe temperature limit very materially in such 
machines. Such insulation, however, must be handled with 
much greater care than ordinary coils insulated with cotton or 
similar fabrics, as the asbestos is very weak mechanically, and 
armatures are more liable to short-circuit. The net gain in capac- 
ity by using high-grade insulation is somewhat reduced because 
better insulating materials are poorer heat conductors and a 
given load produces higher motor temperature than with poorer 
insulation. The limit to the temperature in motors at present is 
the melting point of tin solder, and we believe that very little in- 
crease in temperature above the present limits will be possible 
until a soldering material with higher melting point is produced. 
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Tin melts at a temperature of about 225 deg. cent. This seems 
like a good margin to give a motor which is supposed to operate 
around 75 to 100 deg. cent.; as a matter of fact, the sudden heavy 
loads on motors which do not last long enough to heat up the 
entire armatures will last long enough to melt the solder out or 
at least soften it to a point where it is thrown out by centrifugal 
action. This probably will be much more frequent when the 
motors are normally operated at higher temperatures than at 
present. Therefore, we feel that this offers no great increase in 
capacity. At least,any increase in capacity thus produced will 
be obtained simultaneously with the lower efficiency of motor, 
since in most cases a small motor operated at heavy overloads 
and high temperatures will have a lower efficiency than the size 
larger motor operated in the same service. Thus part of the 
saving which is effected by the use of a little lighter weight motor 
is lost in the decreased efficiency of the motor. j 

4. Forced Ventilation. The fourth method of increasing the 
output, namely by forced ventilation, has been in use for some 
years, and is quite effective. It is surprising what an effect a 
small amount of air circulating through the motor will have on 
the temperature, and capacity. It has the effect of increasing 
the continuous capacity of motors, which ordinarily is not more 
than 45 to 50 per cent of the one-hour current rating, to 65 to 80 
per cent of the hour rating. In locomotives, air is forced through 
the motors by motor-driven blowers in the cab. These blowers 
take their air chiefly from the outside of the cab through louvres 
in the side wall of the cab. The air is taken at a sufficient dis- 
tance above the road-bed so that very little dust is blown into 
the motors, consequently, they remain quite clean inside. 

The single-phase locomotives for the New York, New Havenand 
Hartford Railway Company were probably the first machines that 
employed the use of forced ventilation on a large scale. This 
system is used on all of the single-phase locomotives and some of 
the motor cars now in use, not only on the New Haven system, 
but on the Spokane and Inland Empire Railway, St. Clair Tunnel, 
Rock Island and Southern Railroad, and others. The later loco- 
motives on the New York, New Haven and Hartford Railroad, 
the first of which has been in operation for two years, are also 
supplied with fans on the rear end of the armature, which are so 
arranged as to draw air through longitudinal holes in the arma- 
ture core, thus greatly increasing the effectiveness of the air 
which isforced in from the outside. In cases where these 
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motors are extended through the floor of the cab into the interior 
it is usual to circulate the air through the motor by means of the 
fan on the motor itself, and the external blower is unnecessary. 
Where the motor is below the floor and exposed to all the dust 
and dirt, it is undesirable to permit the air to be drawn into the 
motor, as it will draw with it too much dirt and will invariably 
deposit it on the inside of the motor. A great deal may be ac- 
complished by the use of fans on the armature, with openings 
through the armature. This establishes a circulation of air 
inside of the motor, thus bringing the air in contact with the 
outside of the motor frame, which can radiate it. The radiating 
surface of the motor may be increased by the use of ribs cast on 
the outside of the frame as is done in air compressors and such 
things asautomobile radiators. The greater the external surface 
of the motor, the greater the radiating surface will be, and con- 
sequently the lower the temperature of the motor. 

‘5. High Armature Speed. Increasing the armature speed is 
permissible where it can be done without sacrificing economy 
of operation. Cars which are operated at high speeds may have 
high-speed motors on them, the limit to the speed being simply 
mechanical considerations. It is governed entirely by the maxi- 
mum speed at which the cars are to be operated. This method. 
has also been in use for years, as it has been common practise 
to have. two or more motors of different capacity but approxi- 
mately the same weight. A certain frame is adapted to give 
a certain torque at the armature shaft. This will usually be 
somewhat greater with a low-speed winding than with a high- 
speed winding, but roughly speaking, it is a constant, and the 
horse power rating of the motor will consequently be increased 
as the speed is increased. Thus a motor which at ordinary 
speeds would develop 30 h.p. may, by increasing the speed 
about 35 per cent, be able to develop 40 h.p. Such high-speed 
motors are very satisfactory for high-speed service. Where 
low schedules are required, high armature speed has the same 
effect on the efficiency of operation as the use of a small gear re- 
duction on a low-speed motor. It is a fact which has been well 
known for years, and is now almost universally accepted, that an 
equipment with a high-speed gear ratio on city cars will use a 
great deal more power than the same equipment would take if 
supplied with the maximum gear reduction. The recognition 
of this fact has resulted in a wholesale change in gear ratios on 
the cars in many of our large cities, notably Brooklyn, Chicago, 
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Baltimore and Pittsburgh. It will in most cases be found that 
for ordinary city service a motor operating at a full load arma- 
ture speed between 450 and 550 rev. per min., when supplied 
with its maximum gear reduction, will give the greatest economy 
in operation. Motors operating at 600 to 700 rev. per min., if 
supplied with maximum gear reduction, will require more power 
on account of greater rheostatic losses in starting. Conse- 
quently, it is very essential that care be taken in selecting motors, 
not simply to pick the motor having the lightest weight, but to 
select one which has the correct speed and torque characteristics. 
It will be found that far more can be saved by gearing the motor 
for the most economical speed then can possibly be saved by any 
reduction in the weight. It is not at all uncommon to save 15 
per cent or 20 per cent in power by a change in gear ratio, while 
the weight of the motors alone cannot be changed by increasing 
the speed so as to affect the total car weight more than five per 
cent. Further, any increase in armature speed above the eco- 
nomical speed will not reduce the weight of motor required fora 
given service, for the root-mean-square current of the high-speed 
motor will be greater than that of the low-speed motor, in propor- 
tion to the increase of speed, which is proportional to the increase 
in capacity. Therefore, a given service will produce equal heat- 
ing in motors of the same weight but different speeds, with the 
same gear ratio. 
Control. The weight of control apparatus may be.reduced as 

follows: 

_1. By improved design of parts. 

: 2. By more efficient arrangement of switches. 

_ 3. By more efficient use of resistance. 

_ 4. Better location of apparatus on the car. 

- 1. Improved Design. Asin motors, better design will eliminate 
all useless weight fromcontrol apparatus. Here, also, high-grade ~ 
material may. be employed to advantage, and it is probable that . 
the greatest reduction in weight will be effected by the use of 
structural and sheet steels in a where cast iron is used at 
present: 

det. eerie Arrangement. Where a number of similar opera- 

tions are to be performed by a number of similar units of appara- 
tus there is the possibility of accomplishing the same result with 
widely, different numbers of units. Reducing the number of 
units. required to a minimum is a matter of development, and fre- 
quently there is a chance that some new. combinations of units: 
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may be discovered which will employ fewer units than required 
by present standards and so reduce the weight of the control 
equipment. An example of this occurred in connection with the 
control for high-voltage direct-current motors, when a new 
scheme of connections was devised so that only 13 unit switches 
were needed to perform the same functions for which 18 
switches had previously been used. Incidentally, with the 
smaller number of switches more breaks in series were obtained, 
resulting in a better as well as lighter control. 

3. Better Use of Resistance. In modern equipments, the 
weight of the resistance may be roughly from 10 per cent to 20 
per cent of the total weight of all the control apparatus. By 
using the same sections of resistance in different combinations for 
different controller notches, not only may the weight of resistance 
be reduced, but the number of switches employed may be de- 
creased and the main wiring lessened. 

4. Better Location of Apparatus. The amount of wiring may 
be reduced to a minimum by carefully arranging the apparatus 
under acar. It is often also possible to cut down the weight of 
hangers required from that which at first seems necessary. 
More could be accomplished in this respect by closer cooperation 
between the car builders and electrical manufacturers. 

Two-Motor Equipments. Inmany of the large electric railways 
and steam railroad electrifications, the advantages of two-motor 
equipments in place of four-motor equipments have long been 
appreciated. Where only half of the wheels are available for ad- 
hesion, of course the conditions of grade and climate must be 
such that from 60 per cent to 75 per cent of the total car weight 
will permit developing sufficient traction for all the require- 
ments of the service. Where the full weight of the car is re- 
quired for adhesion, the two axles of a truck may be connected 
by side rods. Experiments have been made in this line with 
more or less success, and complete success depends only on the 
design of truck, including side-rods, and method of hanging and 
applying brakes. 

With two motors, the total equipment weight per horse power 
is from seven per cent to 30 per cent less than with quadruple 
equipments, because the two motors weigh less than the four, 
the control apparatus is lighter and less wiring is required. A 
further gain may be made in the trucks, since the weight of two 
trucks may be less and need be no greater for two large motors 
than for four small ones. 
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In addition to having a higher weight efficiency, two-motor 
equipments have higher electrical efficiency and reduced first 
cost and cost of maintenance. 


II. PROPER GEARING AND ARMATURE SPEED 


“The selection of improper gear ratios for railway motor 
equipments has alone caused’a loss of hundreds of thousands 
~ of dollars to the operating and manufacturing companies in this 
country. Motors have been overloaded and burned out by the 
thousands. Fifty-horse power motors have been used where 
forty-horse power motors would have done equally well if 
properly geared. Power houses and substations have been over- 
loaded, have had their load factor greatly decreased and the line 
loss has been greatly increased, simply because the motors on the 
cars have been geared for too high speeds. Few people who have 
not made a special study of the subject realize its importance, and 
at the present time, in spite of the campaign which has been 
waged against it by the manufacturing companies and a few en- 
lightened engineers, there are still a good many motors in service 
which are so geared as to result ina continual loss to the oper- 
ating company. The large companies have been realizing more 
and more in recent years the disadvantages of high-speed gearing 
and some of them are now making wholesale changes in their 
gearing, reducing the maximum speeds and making savings of five 
to twelve per cent in power consumption, besides greatly reduc- 
ing the temperature of the motors.””! 

“Probably the most common error in gearing is to gear for 
high speed where the service is such that the stops are frequent 
and there is no opportunity to run at high speed. The typical 
cycle for such runs is rapid acceleration, short coast and rapid 
braking. Consequently the acceleration and the run, to be ac- 
complished most efficiently, would be made with a low-speed 
gear. That which is so self-evident in this case holds good in 
lesser degree with longer runs. Therefore, having selected a 
motor with sufficient capacity for a given service, the best gear 
ratio to use is the lowest speed gear which will give the required 
schedule speed with a reasonable margin for making up lost 
time.’”? 

’ Probably five to ten per cent of all the power used for propelling 
electric cars and trains could be saved by correct gearing. 


_1. N. W. Storer in Electric Journal, Vol. V, p. 510. 
2. F. E. Wynne in Electric Journal, Vol. III, p. 379. 
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The maximum gear reduction varies from 3.5:1 to 5:1, depending 
upon the power of the motor. The armature speed at the 500- 
volt rating of the motor varies from 500 to 650 rev. per min. 
Therefore, with maximum reduction and minimum wheel di- 
ameter, the car speed at full load of the motors varies between 
about 10 and 18 miles per hour. Even motors of the same power 
are built for such speeds that with the same gearing, the car 
speeds differ by as much as 25 per cent. The opportunity for 
incorrect motor application, particularly where stops are fre- 
quent, is therefore apparent. ' 

City Service. By city service we mean the service in the larger 
cities where stops average seven or more per mile and are fairly 
evenly distributed. In such service there is very little or no 
running at full speed. The essentials for maintaining the 
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schedule are rapid acceleration and braking. In most cases 
there is no difficulty in keeping cars on time with the motors 
geared with the maximum reduction. Under such conditions a 
motor of low rev. per min. with the same gear reduction, will do 
either one or two things; it will give the same rate of acceleration 
with less current or with the same current it will give a higher 
rate of acceleration than the motor of higher rev. per min. 
Both of these features tend to reduce the power consumed. 

As an illustration compare the shorter runs in Figs. 1 and 2. In 
each case train, grade and curve resistance has been taken at 22 lb. 
(9.98kg.) per ton. The low-speed motor of Fig. 2 takes the same 
accelerating current as the high-speed motor of Fig. 1. Because 
of the quicker start with the low-speed motor, the heavy current 
does not last so long, the same amount of coasting is obtained, and 
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the brakes are applied at a lower speed. The gain in power con- 
sumption in favor of the low-speed motor is 10.9 per cent. 
Part of this saving is the result of lower rheostatic losses and the 
balance is due to the smaller amount of stored energy wasted 
in the braking process. It should be noted that the gain of 10.9 
per cent is in total power consumed and is in spite of the extra 
weight of car with the low-speed motor. — It is further worthy of 
note that the heating of the high-speed motor is the greater. 

These curves will also serve to illustrate the effect of gear 
ratio. The high-speed motor corresponds to the low-speed 
motor with a 4.43:1 gear reduction. However, in this instance 
the car weights should be the same so that the difference in favor 
of the low-speed gearing is even a little greater than the 13.8 per 
cent saving indicated by the watt-hour per ton-mile values 
of the figures. 
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The motor speeds used are within the limits of commercial ap- 
paratus and the gearing is within the limits found on the same 
motors in the same service, so that actual service conditions are 
represented. 

The argument most frequently heard against the adoption of 
low armature speed and high gear ratios for city service is that 
the car speed will be so low that the running time will be 
greater. Let us examine this contention and see of how much 
value it really is. Figs. 1 and 2 show that the two motors 
make the schedule equally well. The higher acceleration is ob- 
tained with the low-speed motor without subjecting the equip- 
ment to any heavier current. The amount of coasting is 
practically the same, so that if the runs were made without any 
coast, the times would be the same. The high-speed motor is 
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already slightly overworked, so there is no hope of making a faster 
schedule by forcing its rate of acceleration up to the value which 
is safe with the low-speed motor. Neither can the high-speed 
motor take advantage of more rapid braking to increase the 
schedule speed. However, since the low-speed motor is not 
yet worked up to its full capacity, it can use faster braking to a 
certain extent without being overloaded. 

The figures given above show the saving in power at the car. 
This is further augmented. by the accompanying reduction in 
losses throughout the system from the cars to the coal pile on 
account of the reduction in the duration of peaks and the im- 
proved load factor with low-speed motors. Therefore the figures 
given are conservative. The assumption of equal gear reduction 
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is fair because the maximum gearing is fixed by the power of the 
motors and the clearance between gear case and track. 

Now consider whether the saving due to less weight will make 
up for the lossin power consumption. If the car under consider- 
ation makes 30,000 miles annually, the car with light high-speed 
motors at 4.21 kw-hr. per car-mile will consume 126,300 kw-hr. 
annually, while the car with low-speed motors will consume 
112,500 kw-hr. The annual saving is 13,800 kw-hr. At one cent 
per kw-hr. this amounts to $188. At five cents per pound per 
year, the high-speed motor car would save $100 annually. 
The net saving is $38 annually in favor of the low-speed motor. 
The actual difference is more than this because part of the saving 
of five cents per pound annually is based on reduced power con- 


sumption with the high-speed motor. We have shown that this 
basis is incorrect. 


- 
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If the heavier car consumed the same energy per ton-mile (145 
watt-hours) as the lighter car, the latter would save in energy 
4350 kw-hr. annually. Hence $43.50 of the $100 annual sav- 
ing credited to the light motor above is not really obtained, and 
the actual net saving for the low-speed motor is $81.50 per year: 

Many railway systems are facing the problem of operating 
more cars, while their generating and distributing systems are 
already loaded to their full capacity. The reduction in power 
consumption with low-speed motors would mean that more 
cars could be operated without increasing the generating and 
distributing capacity. So the questions of motor speed and gear- 
ing are exceedingly important when considering the installation 
of a new system or a new line. It is unfortunate that this has 
not been better appreciated in the past. 

Combined City and Suburban Service. Here are considered 
those lines giving a mixed service consisting in part of city service 
as defined above and in part of a service averaging four or five 
stops per mile, with more or less well-defined limits. 

In this class of service the same general principles hold as for 
city service. The possibility of using high speed is only slightly 
greater than in city service, as the stops are still comparatively 
frequent. 

For example, assume that the operation of a certain line com- 
prises six miles of city running with nine stops per mile and 
six miles of suburban running with five stops per mile. The 
minimum running time without any coast is 68.8 minutes for the 
low-speed motor and 68 minutes for the high-speed motor, a 
difference of 0.8 minute or 1.16 per cent. On the basis of a 
schedule time of 81 minutes for the run one way, and opera-. 
tion of the two motors as shown in Figs. 1 and 2, the power con- 
sumption with the high-speed motor is 42.54 kw-hr. per trip and 
with the low-speed motor is 39.9 kw-hr. per trip, the latter sav- 
ing 6.2 per cent of the energy required by the former. 

In this class of service the annual car-mileage is generally 
higher than in city service only, on account of the longer trips, 
somewhat higher average speeds, and smaller difference between 
the average and maximum number of cars required at different 
times of the day and year. Assuming 40,000 miles per car yearly 
and power at one cent per kw-hr., the saving by using the low- 
speed motor instead of the high-speed motor amounts to $46 
annually. 

Interurban Service. Practically all interurban railways enter 


. 
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one or more large towns or cities over tracks laid in the streets 
for several miles. This condition generally requires low-speed 
running whether the stops are few or frequent, and therefore 
this part of the service is most economically maintained by the 
lowest-speed gearing suitable for the other service. Many of 
these railways give both local and limited service. It is of 
course desirable to use the same motor and same gear ratio for 
both classes of service. With the same gearing, the local service, 
because of the more frequent stops, will work the motors more 
nearly up to their full capacity than will the limited service. The 
limited service is most often considerably less than half of the 
total. Inorder to minimize the size of equipment and get the 
maximum economy of power, the gear ratio should be selected on 
the basis of the local service, and the limited schedule adjusted to 
suit the equipment and gearing best adapted to the local service. 
If a high-speed limited schedule is taken as the basis of choosing 
the gear ratio, one of two evils frequently results: (1) a 
small equipment geared for abnormally high speed and just able 
to maintain the limited schedule nicely, is selected, with the 
inevitable result of overheating the motors in local service, 
roasting out the windings, loosening connections and consuming 
an unwarranted amount of power; or (2) a large equipment 
geared to maintain the limited schedule and yet of sufficient 
capacity to perform the local service without overheating, is 
chosen, with the result that the power consumed in local service 
is excessive and equipments are heavier than need be for the 
major portion of the service. With the large motor geared for 
a high limited schedule, the heating in local service is as great as 
with the smaller motor properly geared for the local service. 

Large high-speed equipments collect their toll all along the line 
through extra weight, first cost, cost of maintenance, cost of 
power, greater feeder capacity, larger substations and larger 
power houses. Isit worth the price? We believe it is not. In 
certain cases of keen competition, it may rise to the dignity of a 
necessary evil, but too often high speed is assumed as the essential 
element in building and maintaining traffic, when in reality the 
frequent service and ability to receive and deliver passengers at 
several central points in the terminals and towns served, assures 
all the profitable traffic. 

In the last analysis we believe that the extra cost of excessively 
high speed limited service is rarely equalled by the additional 
revenue obtained on account of the excess in speed over what 
could be secured with equipments geared for moderate speed. 
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Table II shows that the power consumption per car-mile for 
local service is 2.4 kw-hr. with 75-h.p. motors and 2.7 kw-hr. 
with 100-h.p. motors, and for limited service is 2.03 kw-hr. and 
2.39 kw-hr. with the 75-h.p. and 100-h.p. motors respectively. 


III. Correcr OPERATION 


We have shown that very great economies may be obtained by 
selecting motors of the proper armature speed and correct gearing. 
In addition to these, a great saving in power consumption may 
be secured by correct operation of the cars in service. By cor- 
rect operation is meant the use of proper accelerating and braking 
rates so as to obtain the greatest amount of coasting consistent 
with the particular equipment used in any given service. 

Acceleration. It is frequently found that where a road is 
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operating under.a fairly easy schedule, the motormen will acceler- 
ate rather slowly and perhaps operate with the motors connected _ 
in series for a considerable part of the time. The limits to the rate 
of acceleration are the strains on the car and equipment and the 
comfort of the passengers, so that all of these features should be 
considered in determining the maximum rate of acceleration 
which is permissible in any given case. So far as comfort is con- 
cerned, rates of acceleration up to 2 mi. per hr. per sec. are in use 
without objection on the part of the passengers. 

Fig. 4 shows a run of one mile at a schedule speed of 24 mi. per 
hr. with various rates of acceleration. The car weight is 38 tons 
and the equipment comprises four motors, each rating 75 h.p. at 
500 volts. The braking rate is constant at 1.25 mi. per hr. per 

"sec. A consideration of this figure shows that by varying the 
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acceleration from 0.75 mi. per hr. per sec. to 1.5 mi. per hr. per 
sec., the power consumption may be reduced 29.6 per cent. It 
should be noted in this connection, however, that the maximum 
current requirements vary from 370 amperes per car with the 
lowest rate of acceleration to 570 amperes per car with the high- 
est rate of acceleration. Hence substation and line capacity 
must be considered in many instances. 

Coasting. The amount of coasting obtained is a fairly good 
measure of the difference in power consumption for a given run 
made under different conditions; because when the amount of 
coasting is great, it usually means that the acceleration is rapid 
and that the braking rate is also high. The actual economy 
obtained by increasing the amount of coasting in any given service 
is not effected during the coasting period itself, but is the result of 
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(1) more rapid acceleration with power taken from the line a de- 
creased proportion of the time, and (2) of a higher braking rate 
with decreased waste of energy in heating the brake shoes and 
wheels. : 

Braking. Other things remaining the same, an increase in 
the braking rate produces a decrease in power consumption, 
because the brakes will be applied at a lower speed and conse- 
quently there will be less of the stored energy of the car con- 
sumed during the braking period. This saving is indicated di- 
rectly by the decreased time during which it is required to supply 
power to the car in order to maintain a given schedule. - 

Fig. 5 shows the same run as in Fig. 4 except that a constant 
accelerating rate is maintained and the braking rate is varied. 
By varying the braking rate from 0.8 mi. per hr. per sec. to 2.0° 
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mi. per hr. per sec., the power consumption is reduced 23.1 per 
cent. 

Fig. 9 is a general curve showing the rheostatic losses in an 
equipment, plotted against the speed at which the rheostats are 
all cut out of the circuit, the stored energy in a car at any speed, 
and the power input to the car in bringing it from rest up to 
any given speed. The energy to propel a car is utilized in 
heating the electrical equipment, overcoming rheostatic losses 
in starting, in heating brake shoes and wheels and in overcoming 
the friction and windage due to operating the car in service. The 
latter item is the useful work and is practically constant for a 
given service irrespective of the method of operation. 

By. using a motor so designed and geared that the rheostats 
will all be cut out of circuit at a low speed, the rheostatic losses 
will be below those obtained when the rheostats are cut out of 
circuit at a higher speed. With a given equipment, increasing 
the rate of acceleration produces this result. Higher rates of 
acceleration permit the car to coast to a lower speed before the 
brakes are applied and therefore less energy is wasted in heating 
the brake shoes and wheels. High rates of braking accomplish 
the same result. 

The curve in Fig. 9 marked “ rheostatic losses ’? shows what 
may be accomplished by cutting out the rheostats more quickly. 
The curves marked ‘stored energy, no rotational’ gives a 
measure of the amount of energy wasted in braking from any 
given speed and shows what may be accomplished by applying 

«the brakes at a lowercarspeed. This curve is used in preference 
to the one including the energy of rotation in armatures, gears, 
wheels and axles, since this rotational energy will be about bal- 
anced by the train resistance while braking. The curves for 
field control will be considered later. 

The coasting clock has been used with considerable success in 
decreasing the power consumption by inducing the motormen to 
accelerate and brake at higher rates. There are two points to 
guard against inits use, however; one is that the rates of accelera- 
tion and braking be not forced up to such a point that both ex- 
cessive mechanical and electrical strains may be imposed upon 
the equipments with a resultant increase in the maintenance 
account; the other, that when the transportation department 
find that a certain schedule can easily be maintained with 30 or 
40 per cent of the time spent in coasting, they must not yield to 
the temptation to decrease the running time, and run the risk of 
over-heating the equipments. 
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IV. FIELD CONTROL 

The control of the speed of railway motors by changing the 
effective turns on the field, is as old as railway motors. Practi- 
cally all of the early double-reduction motors were controlled in 
that way. Some few single-reduction motors were also controlled 
in that way and the old ‘‘loop”’ system was quite familiar 
fifteen years ago. It was a failure at that time chiefly because of 
difficulties with commutation due to poor motor design. Its 
advantages have remained fresh in the minds of some engineers, 
however, and when the locomotives for the New York, New 
Haven and Hartford Railroad were designed in 1905, they were 
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arranged for speed control on direct current by shunting the 
field. Forty-one locomotives have been in operation with this 
system of control on this road for the last five years and it has 
proved entirely satisfactory. 

When the giant Pennsylvania locomotives were designed, the 
requirements for large tractive effort in starting and high maxi- 
mum speed were so severe that it was necessary to use field 
control of the motors. The application was slightly different 
from that of the New Haven locomotives, however; instead of 
shunting the field, half of it is cut out on the final notches in 
series and parallel. This is to avoid having a non-inductive 
shunt around the field which with a solid frame machine, might 
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be productive of flashing. This is the scheme which has since 
been tried with great success on motors for city and interurban 
cars. 

The question that naturally arises is, what are the advantages 
of this system? The answer is brief, to save power. How is this 
accomplished? On the same general principle which saves power 

-by the use of low-speed motors and high gear ratios; namely, 
‘more efficient acceleration. In Fig. 9, the rheostatic losses with 
field control are less than for the same speed with ordinary 
control, because field control is used in series in place of the last 
resistance step. Fig. 6 shows. the speed and tractive effort 
curves of a 40-h.p. field control motor with maximum gear ratio 
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‘and 83-in. wheels. Fig. 7 shows the characteristics of the corres- 
ponding low-speed motor without field control, and Fig. 8, the 
‘corresponding light-weight motor. From these curves it is 
seen that the speed of the field control motor on normal field 
ig about the same as that of the low-speed motor without field 
control, while the speed of the field control motor on full field 
ig very low. The full field is used in accelerating and therefore 
the rheostatic losses are greatly reduced. The normal speed is 
used for running ‘and enables the car to attain the same speeds 
‘as- with the non-field control motor, so that the ae losses 
are not increased. - 

_ The: following ‘example: will serve to show the saving which 
may be obtained by field control. Suppose that the tractive 
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effort per motor required to give the necessary acceleration is 
1575 lb. With a non-field control motor this takes 75 amperes 
and with a field control motor only 68.5 amperes. The rheo- 
static losses are all cut out at 8.9 mi. per hr. with field control 
motor, but are not cut out until a speed of 9.9 mi. per hr. is 
reached with the non-field control motor. Reference to the 
general curve Fig. 9 will show that the corresponding rheostatic 
losses are 1.07 watt-hours per ton with the field control motor 
and 1.62 watt-hours per ton with the non-field control motor. 
In other words, the field control motor saves 0.55 watt-hours per 
ton every time the car starts. If the car weighs 30 tons and . 
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makes 9 stops and starts per mile, the saving is 0.149 kw-hr. per 
car-mile. 

Fig. 3 shows the same run as in Figs. 1 and 2 made with the 
same acceleration as used for the low-speed motor in Fig. 2. 
Table I gives the results from Figs. 1, 2, and 3. The power 
consumed is 3.39 kw-hr. per car-mile or 9.6 per cent less than 
with the low-speed motor of Fig. 2 and 19.5 per cent less than 
with the high-speed motor of Fig. 1. In this case, the use of a 
low-speed motor instead of a high-speed motor:reduces power 
consumption 10.9 per cent while the use of field control makes 
a further reduction of 9.6 per cent, and the combination of slow- 
speed motor and field control produces a saving-of 19.5 per 
cent. RTE " 
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For a combined city and suburban service, similar results 
are obtained. The application of field control to the example of 
this class previously considered under Section II, shows that the 
field control motor will make the trip with 35.76 kw-hr. and 
therefore will save 10.4 per cent of the power used by the 
low-speed motor and 15.9 per cent of that required by the 
high-speed motor. 


TABLE I 
Length of run—ft............ 587 1056 
Time of run—sec............ 43.4 61 
Stops per miles. scagacaces ons 9 5 
Length of stop—sec. . ee if 7 
Schedule speed—mi. per see 9.2 11.8 
Braking rate—mi. per hr. per 
Reha Gg Go.0 bo 5 0 OnU bo ometa ome 1°25 1.25, 
Motor equipment............ 4-40 h.p. 4-40 h.p. 
Gear ratio—33-in. wheels..... 5.12 5.12 
Motor type Light |Standard| Field Light |Standard| Field 
weight control | weight control 
Motor rev. per min. at 40 h.p. 
at. HOO! VOltsi an mcdanine ale. 608 526 445 608 526 445 
Amperes at full load of motor.| 72 72 73 72 72 73 
Car  weight—equipped and 
foaded—tons......55 43.2500 5. 29 30 30 29 30 30 
Accelerating current—amperes 
POTANOLOL:,.eiciciche siederete,Oreterere 75 75 68.5 75 (5) 68.5 
Accelerating rate—mi. per hr. 
POU SEC Ed tee ete tapeh Be otoker sas 2 15) 1.88 1.88 15) 1.88 1.88 
Speed at which rheostats are all ni 
Olitien.ers ‘ ame toad ol2..4 9.9 8.9 12.4 9.9 8.9 
Coasting / pee a (fats “sos 10.8 19.8 13.3 20.8 
Speed at time Meauees are ap- 
plied—mi. per hr........... 16.2 15 14.5 15.3 16 14.7 
Watt-hr. per ton-mile........ 145 125 113 99.3 96.7 85.7 
R.m.s. amperes per motor.....| 38.3 33.3 32.4 33.9 30.4 29.7 
Temp. rise in service from. air 2 . 
25 Gege COmMbsrereiajaieustesce steveeie 65 47 45 50 42 40 
; Kw-hr. per car-mile.......... 4.21 327571) § 3.389 2.88 2.90 2.80 


For interurban service, field control.produces more economical 
running over the low-speed city sections, permits the use of a 
gear ratio’ which is economical for local service, and with the 
‘same gearing gives a higher limited speed than could be obtained 
with:the- same size non-field control motor geared for the local 
schedule. » This tends not only toward economy in local service, 
‘but also. ‘towards. reducing the motor capacity required for 
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the operation of frequent-stop local service and high-speed limited 
service with the same gear ratio. 

A 75-h.p. field control motor geared for local service, as 
heretofore described, and operating as shown in Fig. 10, will 
maintain a limited schedule speed of 38.4 mi. per hr., which is the 
same as that possible with the next size larger non-field control 
motor. At the same time the reduction in power consumption 
is 15.9 per cent for local service and 11.7 per cent for limited 
service. The power consumption in limited service is somewhat 
more than with the ordinary 75-h.p. motor on account of the 
faster schedule speed maintained with the field control motor. 
The comparative results are shown in Table II. 
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V. RESULTS OF TESTS 


Within the last few years, a number of tests have been made 

on cars operating in regular service, the results of which show 
that our contentions in respect to proper gearing and armature 
speed, correct operation and field control are correct in Baise 
as well as in theory. 

Table IV shows the results of tests made in Desenibert 1910, 
under the direction of the writer, on the: Frankstown Avenue 
line of the Pittsburgh Railways Company. The cars and equip- 
ments in this case were identical except for gear ratio. Haboi.oe 

Test A was made with a low-speed gearing, whilé test'B 
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was made with a higher-speed gearing. A comparison of the 
Service conditions shows that they were approximately the same 
—the slightly higher schedule speed in test B being balanced by 
the somewhat fewer stops and slow-downs, shorter duration of 
stop and decreased average passenger load. The railway com- 
pany had in service a number of cars equipped as for test. B. 

The car geared as for test A was operated in regular service 
for a considerable period of time prior to the tests and proved 
itself capable of maintaining the schedule equally as well as 
the car geared for higher speed. It will be noted that not only 
did the tests show that the low-speed gearing effected a saving 
of 13.8 per cent in the power consumption, but they also showed 
that, whereas the equipments with the high-speed gearing were 
operating with dangerous temperature rise, with the low-speed 
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gearing the heating of the motors was just within safe limits. 
All equipments of these same motors installed since these 
tests were made, have been provided with the low-speed 
gears. 
In volume X XIX, p. 1484 of the A.I.E.E. Transactions, 1910, 
Mr. H. St.Clair Putnam makes the following statement regard- 
ing the use of coasting clocks on the Manhattan Elevated Rail- 
way in New York: “ The result of these calculations and tests 
shows that an increase in the percentage of coasting from 12 
per cent to 37.5 per cent will effect a saving of 24 per cent in 
the power required for traction.”’ 

The report of tests made on cars of the Chicago Railways 
-Company, as given in the Electric Railway Journal, volume 
XXXVII, pages 1192 and 1200, shows that increasing the accel- 
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erating and braking rates (through the use of coasting clocks) 
will save 15.6 per cent of the power required for traction without 
special effort on the part of the motorman, and that it is possible 
and practicable to increase this saving to 27 per cent. This 
report also shows that there is a saving in brake shoes amounting 
to 40.8 per cent. 

Both of the above reports show what can be accomplished by 
correct operation as induced by the application of coasting time 


TABLE II 

Length of run—miles......... i 6 
Time of run—seconds........ 150 150 150 611.8 563 563 
Length of stop—seconds...... 12.5 12.5 12.5 60 60 60 
Schedule speed—mi. per hr....| 24 24 24 35.3 38.4 38.4 
Accelerating rate—mi. per hr. 

PELBOC Rarer ses le cers ee 1.25 1.25 1.25 1.25 1.25 1.25 
Braking rate—mi. per hr. per 

ROC Screens, 5 Seite CE tee 1.25 1.25 1.25 1.25 1.25 1.25 
Motor equipment............ 4-75 h.p.|/4-75 h.p.|4-90 h.p.|4-75 h.p.|4-75 h.p.|4-90 h.p. 

Motor type Standard] Field |Standard|Standard| Field {Standard 
control control 

Amperes at full load of motor. .} 130 130 156 130 130 156 
Car weight—equipped and 

loaded—tons: .. 0.2 .f 0c <s 38 38 39.5 38 38 39.5 
Accelerating current—amperes 

per Motor, sn. remtecererraleL oe, 122 177-5 127 122 177-5 
Speed at which rheostats are 

all out—mi. per hr......... 21.3 20.3 28.2 21.3 20.3 28.2 
Coasting time—seconds....... 60 70 77.5 67.8 86.2 86.7 
Speed at which brakes are 

applied (et... sapped i ats | Meek 26 25.7 30 30 30 
Kw-hr. per car-mile.......... 2.4 2.27 2.70 2.025 2.11 2.39 
Watt-hr. per ton-mile........ 63.2 59.7 68.4 53.4 55.5 60.5 
Temp. rise in service from air 

AOcAOg CON Ga, sierssa' lars ia aft 58°C. 60°C. 70°C, 50°C. 58°C. 60°C. 


recorders. It should be noted in connection with the Chicago 
Railways Company service that the equipments now maintain 
the schedule so easily that the gearing is being changed from 
4.06 to 4.73 in order to reduce the peak demands. Incidentally 
it may be noted that one of the dangers previously mentioned 
in connection with the application of coasting clocks is beginning 
to show itself here, as the Chicago report states that the running 
time for the cars on the line tested has been reduced three 
minutes. In any such case, care should be exercised to determine 
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what effect upon the heating of the motors such a reduction in 
running time may produce before faster schedules are adopted 
generally. More or less protection against too rapid accelera- 
tion may be secured by careful circuit breaker adjustments or 
automatic acceleration, or by a graduated scale with respect to 
the bonus offered motormen in connection with their coasting 
time records. 

Table III shows the result of a series of tests made on the cars 
of the Metropolitan Street Railway Company of New York under 
the direction of Mr. H. H. Adams. It will be seen from this 
table, by comparing tests 1 and 2, that the use of a lower-speed 


TABLE IV 
TESTS ON FRANKSTOWN AVE. LINE OF PITTSBURGH RAILWAYS COMPANY 


Showing effect of gear ratio on power consumption and motor heating. 


Items A B 

Weight of motor car without load—lb.............. 49,000 49,000 
Weight of trailer car without load—lb.. .. .,...... 23,000 23,000 
MOtOr Be locies ic, —iisieae- ene chee eoetoctiepeunre seats orene teneyar ae iat 4-50 h.p. 4-50 h.p. 
Gear ratio—33-in. wheelsss \stowsiereiv« eratayrigleians ral 4.6 3.67 
Schedule speed—mi. per hr...........-. cece veces 9.15 9.50 
Stops per MAle ys esters rere skclapal cMetsve sell eratetafese Oneeiel oars 8.7 8.63 
Slow-Gownsi pet mile yoo dats) aradeiecor un wiaccihtnens ttle: a's) peck 1.94 1.37 
Average duration of stop—seC........220.cereerces 6.8 6,2 
Average passenger Toads isawcilck.c ase eisis oes ela se 37 30 
Average VOltAnG, . cae ctias-ainice sit. saute tis aieiele eifercraseteGs 483 480 
Watt-howurs per ton-mile © cece wees lofts ere oe eis 137 159 
Average temperature rise on armatures corrected to 

25 deg. cent. air temperature........... E abicarych at 68.8 87.8 


A saves 13.8 per cent of the power used by B; reason—correct gearing. Day's service 
consisted in each case of two round trips with trailer, then three round trips without 
trailer, followed by two round trips with trailer. 


armature and greater gear reduction effected a power saving 
of 7 per cent. In test 3, throughout the congested district the 
equipments were operated in series only and then operated in 
series and parallel on the remainder of the runs. In spite of 
the fact that this test shows nearly 23 per cent more’stops than 
test 2, the power consumption was decreased 5.5 per cent due 
to the use of field control. ; 

In test 4 the number of stops and other service conditions 
are practically the same as in tests 1 and 2, but the motors were 
operated making full use of the field control in series and parallel 
over the entire line. This test showed 7 per cent less power 
consumption than test 3 with its greater number of stops, and 
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12 per cent saving in power in comparison with test 2, where 
the service conditions were practically the same. Substantially 
all of this saving was due to the use of the field control motor in 
test 4 as against the non-field control motor in test 2. In 
this connection, it should be noted that while the 60-h.p. motors 
of test 1 showed an average temperature rise of about 48 deg. 
cent. corrected to air at 25 deg. cent., the 40-h.p. motors in test 
4 showed only 58 deg. cent. temperature rise, which is still a 
perfectly safe operating condition. 

Tests recently made on various lines of the Pacific Electric 
Railway showed an average power consumption of 97.3 watt- 
hours per ton-mile with quadruple 75-h.p., 650-rev. per min. 
motors geared 2.18:1. Other 75-h.p., 640-rev. per min. motors 
geared 3 .24:1 showed an average power consumption of 87 watt- 
hours per ton-mile. The latter motor with field control showed 
an average power consumption of 81 watt-hours per ton-mile. 
These figures indicate that proper gearing would effect a power 
saving of 10.6 per cent in this service, while the application of 
field control would produce a further saving of about 6.9 per 
cent, and the total saving which could be obtained by the use of 
correct gearing in combination with field control would be about 
16.8 per cent. It is interesting to note further in this connection 
that the average temperature rise of the motors, corrected to 
air at 25 deg. cent., in the most severe service was 80.5 deg. 
cent. for the motors geared for high speed and 61.2 deg. cent. 
for the field control motors. Temperatures on the non-field 
control motor geared for low speed in this service are not avail- 
able at the present time. 

Summing up the results of calculations and tests as previously 
described in detail, it is found that proper gearing and armature 
speed, correct operation and field control are essential to the 
most economical operation of railway service, and the indications 
are that from 10 per cent to 30 per cent of the power now con- 
sumed in specific cases may be saved by a careful study of the 
operating conditions and the intelligent application of these 
principles. 


A paper presented at the April 5th Meeting, New 
York, and discussed at the 29th Annual 
Convention of the American Institute of Electrical 
Engineers, Boston, Mass., June 26-27, 1912. 


Copyright, 1912. By A.I.E.E. 


THE RELATION OF CENTRAL STATION GENERATION 
TO RAILWAY ELECTRIFICATION 


BY SAMUEL INSULL 


I am not going to discuss the question of the practicability 
of steam railroad electrification. That is not a matter at all 
within my province. That is a matter that has to be decided 
by those great captains of industry who are in control of the vast 
transportation companies in this country from the Atlantic to 
the Pacific. But it is reasonable, as a central station man, that 
I should assume that the electrification of steam railroads has 
come to stay, that the work done by the two premier trunk lines 
centering in New York is a sufficient indication of what we may 
expect in the future. JI am not in sympathy with an agitation 
to force the steam railroads in this country to electrify. That 
is a question of the provision of the capital necessary for the 
purpose, and that question must be taken up and settled by 
those who are responsible for the operation of the railway prop- 
erties. Nor am I going to discuss what might be termed the 
technique of the electrification of steam railroads; that is, the 
special system that should be used, whether it should be done 
with one class of current or another, or one pressure or another. 
The system finally decided on must be the one which fills con- 
ditions of railroad operation, and at the same time renders it 
possible for the railroad company to take advantage of the 
sources of energy supply already existing, as the railroad demand 
is only about 15 to 20 per cent of the total demand for energy in 
any community. That amount of energy which the railroads 
require to operate their properties is really the thing that should 
turn them to central station men for assistance, and I speak as a 


central station man. 
ou 
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The amount of energy required to operate the terminal and 
suburban systems of all the trunk lines centering in and around 
New York City (as I think I will be able to demonstrate to you) 
is, I believe, less than the amount of energy required to operate 
the isolated electric lighting plants in the same territory. It is 
not a serious proposition. To my mind it is of less consequence 
to the properly operated electricity supply company than the 
isolated plant business was to the electric light and power com- 
panies through the country twenty years ago, or even fifteen or 
ten years ago. 

The problem of the relation of the central station to the gener- - 
ation and primary distribution of energy, so far as the steam 
railroads are concerned, is a question of economics. It cannot 
properly be considered without taking into account the entire 
question of generation and primary distribution for any given 
center of population. If you consider steam railroad electri- 
fication by itself, the amount of energy required seems to be 
very great indeed. If you consider it merely as a fraction of the 
supply of energy required by a community for all kinds of pur- 
poses, it is found to be simply an incident. Perhaps a more accu- 
rate title for this paper would be ‘‘ The Generation and Primary 
Distribution of Energy for Given Areas,”’ because that is the real 
question involved. It is not a new subject; itis a subject dealt 
with at great length in the inaugural address of 1910 by my friend 
Mr. de Ferranti, when addressing our sister organization, the 
British Institution of Electrical Engineers. Mr. de Ferranti 
went further than I am going in this discussion, and proposed a 
scheme of generation and distribution for the whole of Great 
Britain. He proposed a scheme that meant, in his opinion, a 
saving of 80,000,000 to 90,000,000 tons of coal a year for Great 
Britain. If the plan, which you must necessarily admit is 
reasonable, after studying the maps and curves presented, were 
adopted, my judgment is that it would mean the greatest 
conservation of one of the most important natural resources 
of this country, namely fuel, to the extent, probably, of from 
100,000,000 to 150,000,000 tons of coal per year. 

The method of concentration of generation and distribution 
of primary power, as I said, is not a new subject. It has been an 
absolute necessity in all the smaller communities of this country. 
First, in the small communities they formed companies to do the 
public lighting; next they added to that the incandescent light- 
ing business, a little later they added the power business, then 
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they connected up two or three small towns together, and to-day 
the average prosperous small local company supplies energy not 
only for lighting, whether for domestic or commercial or public 
purposes, but for power, for pumping water, and for the urban 
and interurban transportation, and as a result has raised its load 
factor from about 20 per cent, when it was engaged solely in the 
lighting business, to from 40 to 50 per cent to-day. That method 
of concentration of generation is going on to such an extent in 
the smaller communities throughout this country that I know of 
cases where, in an area of 15,000 square miles, that is, an area 
150 miles one way by 100 miles another way, they seriously 
have in contemplation doing away with possibly 100 to 120 
generating stations, and replacing them with ten or twelve 
stations. 

Where there are large water powers adjacent to the larger 
cities, you find no hesitation on the part of the railway company, 
the electric light and power company, and the electrified steam 
railway company, if there be such, in that vicinity, in taking the 
energy from one source of supply. Is there any reason why 
the power generated at Niagara Falls can be used alike by all 
these enterprises, whether they be local public service enter- 
prises, state public service enterprises, or interstate enterprises— 
is there any peculiarity about the fact that the power is generated 
hydraulically? Is that any special reason why these various 
industries should all take their energy from a given source? Is 
it not just as reasonable that they should all take their energy 
from a given source, if that power is supplied from fuel, from 
coal, with steam turbines as the prime movers, as that they 
should do this when the power is supplied from water with 
hydraulic turbines as prime movers? I cannot see any reason, 
if concentration of production is the correct principle in one case, 
why concentration of production is not the correct principle in 
every case. 

I have naturally taken for the purposes of my discussion 
the information which the engineers of public service enterprises 
in New York have placed at my disposal, together with the in- 
formation that I naturally am able to obtain from my own opera- 
tions in Chicago, and the conclusion that I have come to is that 
the concentration of the production of energy, for all purposes 
required in a given area about any large center of population, 
would result in such a saving in capital, and such a saving in 
operating expenses, as to provide sufficiently for the generating 
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capacity and primary transmission systems necessary to elec- 
trify the terminal systems and suburban service of all the trunk 
lines centering inand around that center of population, (particu- 
larly is this true of New York) and such a saving as to yield very 
large profits, in addition, to the engineers and financiers having 
the courage to handle so great a problem. 

The percentage of saving is comparatively small. On a per- 
centage basis I may say that the percentage of saving in greater 
New York (by ‘ greater New York’ I include that part 
of the Jersey shore that would naturally be considered a part of 
a Greater New York,) is comparatively small, and to my mind 
somewhat disappointing, owing to peculiar conditions which I 
will explain later. But the saving itself is so large and amounts 
to such a vast sum of money, capitalized, that I cannot see how 
it is possible, whatever may be the jealousies of management, and 
whatever may be the individual interests of the financial people 
operating the various properties,— both as engineers desiring to 
get the greatest possible results out of their work, and as 
capitalists wanting to supply the greatest possible amount 
of service at the lowest possible cost to the public and the great- 
est possible profit to themselves, I cannot see how either the 
engineers or the financiers can neglect the subject and let it pass 
by, as it is one of the greatest opportunities I know of in our 
business. 

To take up now the illustrative curves, Fig. 1 is the New York 
total load diagram. It includes the present electrical load of the 
central stations in Greater New York and the central stations 
on the Jersey shore, within a radius of ten or twelve miles of 
New York, operated by the Public Service Corporation of New 
Jersey, and the station of the Hudson and Manhattan Railroad 
Company. 

The diagram includes only that portion of the load of the elec- 
trified steam roads which has already been electrified, and does 
not include an estimate of the load of the isolated plants. If the 
balance of the load of the electrified steam roads and the isolated 
plant load were included, the total would be in the neighborhood 
of 1,000,000 kw. 

Looking ahead, if you take this New York maximum of 676,000 
kw. and apply an 8 per cent annual increase (the actual increase 
of this maximum over the previous winter was 7} per cent), at 
the end of eight years the New York maximum would amount to 
1,250,000 kw., and at the end of ten years to 1,480,000 kw. 
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If there be added to these figures the isolated plant and steam 


railroad demand, it makes about 1,000,000 kw. of load at the 
present time. The steam railroad demand would be about 
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170,000 kw. of that total, and the demand made by isolated 
plants would be 217,000 kw. 

The total load of the systems separately is 678,000 kw., and 
there is a diversity factor that would reduce that if they were 
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all run as one system; that is, if the present business of the 
lighting and power companies, the street railways and the steam 
railways were combined, the maximum load this last winter would 
have amounted to 630,000 kw., or a saving of upwards of 47,000. 
kw. The diversity factor amounted to 7.5 per cent, and the 
load factor would have been improved from 36.9 to 40 per cent. 
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Later, I will explain some of the advantages obtained from 
that. 

Fig. 2 is the New York light and power load diagram. The 
New York Edison Company curve includes the load of the 
United Electric Light and Power Company and also the Bronx 
load. The Public Service Corporation curve includes that 
company’s light and power load only, its street railway load 
being on the street railway curve. 
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The total load is 232,500 kw. The load factor of the various 
systems by themselves is 33.8 per cent. There is a diversity of 
17.5 per cent, amounting to 34,700 kw., between the sum of the 
maxima for the year of these different lighting companies and: 

_ their load between 5:45 and 6 p.m. on January 5, 1912, which was 
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the time of the maximum for all of the New York companies 
combined, that is, the lighting, the street railway and the elec- 
trified steam railroad companies. 

Fig. 3 shows the load diagram of the street railways of New 
York City. The Interborough has much the largest maximum 
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of any of the New York companies, and therefore establishes the 
day and hour of the combined maximum, and there is no diversity 
between the Interborough load and the combined maximum. 
The diversity between the three power houses, subway, surface 
and elevated, of the Interborough has not been taken advantage 
of, and possibly amounts to a considerable figure. What is 
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meant by that is that I have not taken advantage of it in mak- 
ing these diagrams, because the interests having charge of the 
street railways, I believe, have already taken advantage of it by 
connecting up their various power houses, so as to get the ad- 
vantage of the diversity factor. 

Fig. 4 shows the load diagram of the steam railroads entering 
New York City. Due to the electric heating of the suburban 
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cars, the New York Central maximum occurs on the same day 
as the Interborough and the combined maximum, and the 
Pennsylvania maximum, for the same reason, only a few days 
later. 

The present electrical load for the passenger service of the 
steam railroads of New York is estimated at about two-thirds of 
the total load if all of the passenger service within a reasonable 
radius of say fifteen to twenty miles of New York City were 
electrified. This would give for New York a total electrified 
passenger load of 95,000 kw., as compared with our estimate 
for Chicago of 73,000 kw., which appears reasonable. If 
to this we add 75,000 kw. for freight, as compared with our 
estimate for Chicago freight of 78,000 kw., we get a total for 
the electrified steam railroads in the vicinity of New York of 
170,000 kw. 

Attention might be called to the fact that the farther out the 
steam railroads are electrified, the less influence the suburban 
service will have and therefore the greater the diversity factor. 

There is a very important point I wish to emphasize, that has 
a bearing on this subject only in the large centers of population 
where there is heavy suburban travel. The same thing will be 
shown in some of the curves to follow. These two maximum 
loads, morning and evening, are made up of suburban business, 
and the suburban railway load maxima are largely affected by 
the heating proposition, and also the large amount of power 
needed additionally for traction in cold weather. That condi- 
tion cannot possibly exist except in a few, perhaps a dozen dif- 
ferent cities of the United States. The steam railroad load factor 
is relatively poor in those centers, but if you will take the average 
business throughout the country where our central stations are 
in cities, say of the second and third grade, the steam railroad load 
would show a very much better load factor, as there is practically 
little or no suburban business in any cities except the very larg- 
est cities of the country. 

Fig. 5 is the total load diagram of Boston. The street railway 
curve is the Boston Elevated Railway Company load, which 
includes the subway, surface and elevated roads. The Edison 
light and power load is also given. 

A careful estimate of the electrical requirements for the pas- 
senger service only, for all the steam roads operating within the 
metropolitan district of Boston, has been made, but as the figures 
do not include freight, and also for the reason that the larger 
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portion of it is based on 11,000-volt single-phase operation, 
which system practically eliminates the possibility of showing 
savings in transmission and substation by combining with the 
other local power supply, I have not attempted to include load 
curves for the electrified steam roads. Also no estimate has 
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been made of the isolated plant load in Boston. The total 
capacity of the Boston steam plants, 160,600 kw., amounts to 
a reserve on the combined load of 68 per cent. 

It will easily be seen that there is a remarkable diversity 
between the loads of the street railway and lighting and power 
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companies in Boston. To meit seems almost incredible that 
there should be built a second large power station in Boston, 
when, if the service for both the lighting and railway were run 
by the same station, the maximum load last winter would have 


650,000 
CHICAGO —TOTAL 28 aie 
—JAN.8 1912 DAY OF COMBINED MAXIMUM 
600,000--— MAXIMUM AS SEPARATE SYSTEMS | 
ANNUAL DIVERSITY 
LOAD 72) 260 K.| 
MAXIMUM: DIVERSITY FACTOR | 
LIGHT & POWER 100,540 12,670 144% 95,44 |  pit----1— 
STREET RAILWAYS 186,920 13,990 8. ‘tg Bs ‘ = 
ISOLATED PLANTS 194,300 247300 144 45:8 
STEAM R-Re 146,750 21,300 17.0 46,0 
TOTALS 628,510 46 42.6 
TOTALS 856,250 | 29260 13.064 te ag 
500,000 | 
sa eee 
400,000 { 
= 
ie 2 
E = 
<< = = 
= gy 3| 
g £ 3 
< 3 
300,000 S 
7 Zz 
Fj 
= 
(2) 
oO 
4 6 
io} 
= 
F 
200,000 ae 
te 
‘ 
| ! 
oo Salts 
214 
! 
= t ‘ 
a ea "Ry ae | \ AL 
= —— a 
100,000 het e ; = 
by = s/ 
op s . 
BT Ss a N 
of fai Licht 4) cove \ 
| ee 2 ‘ 
= Si 
$| 
— Sonn 


(ono a eG nee Seon) meee 2 2 de Gres 10. so 12 


Fic. 6 


been 95,400 kw., instead of 111,200 kw., as there is a diversity 


of 16.5 per cent between the two businesses. 
Fig. 6 shows the total load diagram for Chicago. The diver- 


sity shown in the tabulation on this chart amounts to 72,260 
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kw., and would require, assuming a 25 per cent reserve, 90,300 
kw. more capacity if operated as separate systems than if op- 
erated on a combined generating system. At $75 per kw. this 
amounts to an extra investment of $6,772,500. 

The isolated plant load, although showing a maximum 50 per 
cent greater than our present light and power load, I believe 
has been estimated conservatively low. A canvass of the number 
and size of isolated plants was made by the contract department 
of the Commonwealth Edison Company, and several checks on 
these figures were available, such as ‘‘ The Engineers’ Directory,”’ 
the agents’ knowledge of the field and the City of Chicago 
Boiler Inspectors’ records. 

In estimating this isolated plant load, the separate maxima 
of the plants are assumed to be two-thirds of the rated capacity, 
and the load factor, that is, the ratio of the average kilowatts 
for the year to the maximum kilowatts, is assumed to be 25 
per cent, the assumption being based on the fact that the actual 
load factor of customers on our wholesale schedule, representing 
a very large amount of business, is 26 per cent. 

On account of the diversity between the different isolated 
plants, it is assumed that their load factor, if combined, would 
be equal to the load factor of the Commonwealth Edison Com- 
pany’s general light and power business, that is, 35.5 per cent. 

To the maximum kilowatts and kilowatt-hours thus obtained 
are added a certain portion of the South Chicago Steel Works 
load, the refrigeration load, assuming that one-half the ice of 

Chicago is produced electrically, and the electric vehicle load, 
assuming two-thirds of all horses replaced by electric vehicles. 
These latter two items, being off-peak loads, improve the load 
factor up to the figure shown, although they represent only 
17 per cent of the total estimated kilowatt-hours of the isolated 
plants. 

The increased investment necessary as between these systems 
being operated all as one, including steam railways, and being 
operated as separate systems, taking the cost of generating plant 
plus the cost of the primary transmission system, would mean 
an expenditure of upwards of $10,000,000 to $12,000,000 more 
than if the work is done on one system. We have got reasonably 
well started in Chicago towards doing it on one system. We 
have practically the most important part of the work, that is, the 
street railway work, and we are trying there to do all we can 
to get the isolated plants out of existence, and in the steam 
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railroad business, as may be seen from our estimates, in what is 
the greatest railroad center in the United States to-day, passenger, 
freight and transfer business combined, the amount of energy 
required for operating all of the terminal systems there is so small 
a percentage of the whole that it would seem unreasonable to 
think we will not be able to get that, certainly in Chicago, 
as well as the business of the surface and elevated railroads. 
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The next diagram, Fig. 7, shows the load curve of the street 
railways of the city of Chicago. One interesting feature of this 
chart is that the highest maximum for two of the street railway 
companies occurred in the morning of February 21st, soon after 
the begitining of a very heavy snow storm, with a strong cold 
wind blowing and the temperature a little above 20 deg. fahr. 
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That chart is generally characteristic of the urban transportation 
business of a city of the size of Chicago. 

Fig. 8 shows the load diagram of the electrified steam railroads 
of Chicago, assuming that the steam railroads in the vicinity of 
Chicago are electrified some time. It is a load diagram of the 
maximum for the year. The method of estimating all of the 
data regarding the load of the electrified steam roads of Chicago 
is given in detail in the appendix to this paper, on “ Electric 
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Power Requirements of the Electrified Steam Railroads of Chi- 
cago,”’ prepared by Messrs. Bird, Gear and Fowler. 

The freight curve, you will see, has an extremely good load 
factor. The passenger business is governed by exactly the same 
conditions, only intensified, that govern the passenger business 
in New York City. I presume the curves of passenger business 
in N ew York, Chicago, Boston and Philadelphia would probably 
be all about the same, except that Philadelphia, Boston and New 


1912] INSULL: CENTRAL STATION GENERATION 245 


York ought to have some advantage from a much larger amount 
of pleasure business in the summer than we get in Chicago. 
The extreme peak in the morning and evening is caused by the 
suburban business, the extra amount of energy necessary at the 
time of extreme cold for traction purposes and the extra amount 
of energy necessary for heating purposes. If it were not for 
these two peaks, the load factor would even up better than it 
does, and yet, notwithstanding these peaks, the combined freight 
and passenger business is estimated to have 46 per cent load 
factor. Now, if we consider the steam railroad business, say 
in cities of the size of Rochester, Detroit, Buffalo, and possibly 
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Cleveland, Toledo, and similar cities, their load factors would 
be uniformly better than is shown in Fig. 8, and in my judg- 
ment the date of the maximum load, and the time of day of the 
maximum “load, would probably change considerably, to the 
advantage of the local power company supplying the energy. 

I thought it might be of interest to include a chart of the annual 
load factors of the Commonwealth Edison Company for the last 
twelve years, as shown in Fig. 9. You will notice that the street 
railroad load factor went up and then dropped. It was at 
its highest for a few years just before one of the large 
street railways shut down its obsolete stations, which it had op- 
erated as peak plants only, also having the result of earning it 
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a very low price for the energy it purchased. The tendency of 
the railway load factor is to run even. The tendency of the 
light and power load factor is to run up. The combined load 
factor, as shown in Fig. 9, is about 42.5. The light and power 
business by itself has a load factor a little under 35, and the street 
railway business by itself about 43 per cent. 

Fig. 10 shows the diversity in a block of apartments. This 
figure has been used a number of times, both by myself and by 
some of my subordinates in writing papers on different subjects 
where the question of diversity and load factor comes in, for 
it is a striking illustration of diversity. The figure shows a block 
composed of average apartments, all alike. The number of apart- 
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ments is 225, number of customers 189, lamps per customer 
10.6, the kilowatt-hours used per year 33,000, and the customers’ 
separate maxima show only 5.5 per cent load factor. The max- 
imum at the transformer shows 19 per cent load factor. Here 
are 189 customers, all living in similar apartments, all of about 
the same class, all with about the same habits of life, and yet 
the difference in the load factor, taking each customer by him- 
self, as compared with all of them put together, is such that you 
get almost four times as good a load factor, and that is owing 
to the diversity of demand. That is the fundamental basis of 
the profit-making of an energy selling company. We get that 
average in dealing with small customers, and consequently we 
can sell these small customers at a profit as a whole, whereas 
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any engineer who knew the facts could demonstrate to me that 
each one by himself is a loss to us. 

It is exactly that same principle—I am getting down to the 
fundamentals, the A, B, C, of energy production and distribution 
—that I and others who advocate the same ideas want to see 
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applied in all the electric supply business, whether it is in 
large communities or small communities; and I want to see 
somebody get the advantage of that diversity factor that exists. 
In one case, with small customers, it may show 400 per cent 
advantage. In another case, in a vast community like the 
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city of New York and surrounding territory, that percentage may 
be only ten per cent, but it runs up into millions and millions 
of dollars, which is being thrown away to-day, and I do not want 
to see those who are right on the threshold of entering into our 
line of business, the use of electrical energy, make mistakes 
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owing to their ignorance of the real situation. I do not want to 
see them make the mistake that, in my judgment, largely 
through force of circumstances, the New York Central company 
has made in building its present power house, and the Pennsyl- 
vania Railroad Company has made in building its power house, 
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probably, I think, as much because they could not find people to 
sell them energy as because they did not know they ought to 
buy energy instead of manufacturing it. 

Fig. 11 is a map of New York City, with the present power 
transmission systems. In referring to New York City, you will 
notice that I go out on the Hackensack river into New Jersey, 
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as I consider that territory properly a part of the area included 
in the greater city for the purposes of the present discussion. 

Fig. 12 shows the New York power transmission system _ 
unified into one system. You will notice the difference between the 
two. In Fig. 11 the vast number of substations and transmission 
‘ines is in marked contrast to the effective distribution in Fig. 12. 

Fig. 13 shows the Chicago daily load factor. This diagram 
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shows the improvement in load factor as it affects operating 
conditions, the improvement being due mainly to the railway 
load coming up earlier in the morning and the depression in the 
light and power load at the time of the evening railway peak. It 
is almost impossible to figure absolutely and closely this saving 
from concentration of production of electric energy. It is easy 
enough to figure the saving of investment, but it is pretty hard 
to figure the saving in operating expense. It is a very large 
amount, indeed, and the items especially affected are the items 
of what one might call ‘‘ readiness to serve ’’, including, of course, 
the expenses incident thereto. I do not refer to fixed charges 
but to operating expenses outside of fixed charges. Although it 
is easy to figure the saving in fixed charges due to diversity, it is 
not so easy to figure the saving due to the broadening out of this 
daily curve, but it goes a long way towards reducing the readi- 
ness-to-serve charges per unit produced in a given time. 

In Table I is a tabulation of the daily load factors in Chicago. 
This expresses the matter a little differently. The average daily 
or operating load factors for the different systems operating 
separately, 55.6 per cent, is equivalent to thirteen and one-half 
hours straight-line or steady operation per day. The load factor 
for all combined on one generating system, 59.9 per cent, is equiv- 
alent to fourteen and one-half hours per day, or an increase of 
one hour, or 7.4 per cent. This improvement means that the 
fixed charge and “ readiness-to-serve ”’ portion of the operating 
expense is prorated over a greater number of units of output per 
day and per year. 

You will notice, as shown in the table, the improvement in 
conditions in each month in the year. The average shows a 
decided improvement if the systems are combined in one. The 
average is 59.9 and the average of the others, separately, is 
55.6 per cent. 

Fig. 14 shows a diagram of the Boston daily load, and Table 
II is a tabulation of the Boston daily load factors. It shows that 
there would be quite an improvement if the Boston Elevated 
and the Boston Edison loads were operated together. The ay- 
erage is 53.9 per cent operated separately and 59.4 per cent if 
operated as one system. 

Table III gives a tabulation of the New York daily load 
factors. It gives the same general character of information. 
Operated separately the stations show 51 per cent, and operated 
together 56.2 per cent. 
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Fig. 15 is a comparison of the Chicago and New York load 
diagrams. In this diagram the different load curves. shown 
have all been prorated so that the maxima of all are equal and 
the same as that for Chicago for January 3, 1912. This method 
of comparing load diagrams shows just what hours of the day 
are affected by the improvement in load factor, and brings out 
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perhaps more clearly than any other method the great advantage 
from an operating standpoint of the combination of the energy 
supplied for different purposes on one generating system. This 
improvement, for instance, for Chicago as compared with New 
York, has a very decided effect upon the operating cost, and is 
one of the principal reasons for the very low generating cost 


in Chicago. 
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The effect of diversity on the peak, which results in a saving 
in investment, can be and has been very readily figured. But 
the effect of this diversity in reducing the operating cost cannot 
be so readily calculated. Nevertheless, there is no doubt that 
the saving in operating expense is fully as important as the saving 
in investment. 

Fig. 15 was prepared to show exactly the result of the policy 
the Commonwealth Edison Company has pursued in Chicago 
for the last ten years. It was just about ten years ago when we 
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commenced to sell energy at prices that most of the producers 
of energy in this country thought were so ridiculously low that 
it was only a question of time and the size of our pocket-book 
as to how long we could stand it. This diagram shows you the 
result we have been able to obtain. As a contribution to our 
fixed charges, as a contribution to our stand-by charges, as a 
means of producing more kilowatt-hours in a given period, so 
as to provide us with the necessary funds to adopt a reasonably 
bold policy of selling energy, in ten years we have been able to 
attain this result. 
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Fig. 16 is a comparison of the Chicago and Boston load dia- 
grams. 

Fig. 17 is a map showing the Chicago railroad terminals in 
the proposed electrical zone, the boundary of which was laid 
out by the Chicago Association of Commerce. The zone in- 
cludes a territory about 32 miles long, with an average width of 
ten to twelve miles. 

Fig. 18 is a map of the electrification of steam railroads in 
Chicago,—based on a plan of group operation: that is, a plan of 
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generating stations, substations and primary transmission lines on 
the theory that the railroads of the various financial groups, the 
New York Central group, the Pennsylvania group, and so on, 
would operate their power jointly, 1.e., that the New York 
Central would have a system for itself, the Pennsylvania would 
have a system for itself, and so on all the way down the line. 
Fig. 19 shows the electrification of steam railroads, with uni- 
fied power supply, in the city of Chicago. That is what it 
would be like if all the companies obtained their power from 


256 INSULL: CENTRAL STATION GENERATION [April 5 


CHICAGO 
RAILROADS TERMINALS 


IN PROPOSED 
ELECTRICAL ZONE 


@® ~~ Passenger Terminal 
= Freight Yard 


1912] INSULL: CENTRAL STATION GENERATION 257 


CHICAGO 
ELECTRIFICATION 
OF 
STEAM RAILROADS 
GROUP OPERATION 


O 
9 Ah 
a Ler TF 
AA i NUE Z 
ao) oF E SAH K 
Ne 


ay 


y Y 
f OME 
——7 son 
=a Sj = Th 
% TS iS 
4 
; 


y 
= aa 
ff 

S 

7 


S AWS \ 
WENN 
earing cle nfl —< N 
ards V4 e 
N ENS 3 . 
e ak N 
> 3 ‘A p NS 
=| S. 
tha I 
He 151 Uf \/ ( 
" nN ‘ 
uN 


258 INSULL: CENTRAL STATION GENERATION [April 5 


CHICAGO 
ELEC THIPICETION 
STEAM RAILROADS 
UNIFIED POWER SUPPLY 
@ Generating Station 


© Present Sub-Station 
@ Proposed Sub-Station 


| ae a | 
Ez C i} N 
gma 
ren Englewbdd = 
Ne 
aoe NN ° 
| 


Ss 


1912] INSULL: CENTRAL STATION GENERATION 259 


one source, and shows the difference between purchased power 
and individual production. 

Fig. 20 is the load diagram of the freight electrical requirements 
of the steam railroads in Chicago. This is a curve we have 
had worked out in relation to freight business, and it shows 
some rather interesting things. This freight curve has an ex- 
tremely good load factor, estimated at 70 per cent daily and 60 
per cent yearly. Through freights come in during the early 
morning hours and are broken up, switched and transferred from 
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7 o’clock in the morning on, and then during the late afternoon 
there is another switching and transfer peak caused by the mak- 
ing up of the through freights and getting them ready to go out 
as soon as the late afternoon passenger peak is over. The peak 
on the in and out freight of the day occurs from 7 o’clock in 
the evening on, due to these outgoing through freights which 
were made up in the late afternoon. 

Fig. 21 is the diagram of the freight earnings and monthly 
freight electrical requirements of the roads in Chicago. Itshows 
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the monthly gross freight earnings for two years for a group of 
Chicago roads, and also for the Elgin, Joliet & Eastern, which 
latter ought to show whether local Chicago conditions vary 
materially from the curve for the trunk lines included, as it 
has been impossible to get, in any way, the figures of local earn- 
ings of the different trunk railroads. 

It has been assumed that normal electrical requirements of 
freight traffic will vary for the different months of the year 
similarly to the variation shown for the twelve roads for 1910 
and 1911, and that these normal requirements will be increased 
during the winter months as shown, on account of increased 
traction or increased resistance due to the cold. 
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Fig. 22 is the load diagram of the steam railroad passenger 
electrical requirements in Chicago. This diagram shows these 
requirements in December. It has the same general charac- 
teristics as the New York curve, with the high peak morning 
and evening, owing to the suburban passenger business and owing 
to the heating of the cars. 

Fig. 23 shows the passenger earnings and monthly electrical 
requirements in Chicago, the latter being based on an assumed: 
variation one-half that of the earnings for 1910-11. This 
diagram assumes, for through passenger business, that the cars 
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will be heated by steam, and you will notice the increased energy 
which is required for traction owing to the cold. 

Fig. 24 shows the proposed steam railroad suburban electrical 
requirements, month by month, in Chicago. In addition to the 
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heating. 
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Fig. 25 shows the monthly variation in the total electrical . 
requirements in the proposed electrification of the Chicago 
steam railroads. You will remember that the load factor of 
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the through passenger business is extremely good, and of the 
freight business extremely good. That would indicate, except 
in the ten or twelve large cities to which I have referred, that 
the freight and passenger business ought to be very good through- 
out the country. 

Fig. 26 gives a comparison between the swing maximum and 
the one-hour maximum load on the New York, New Haven and 
Hartford Railroad Company’s Cos Cob station. This diagram 
of the New Haven road is important because it shows that small 
roads, installing their own plants, must provide a capacity suffi- 
cient to cover the maximum swing, which frequently lasts several 
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minutes, and which, in the case of the New Haven road, ap- 
parently necessitates a reserve amounting to 74 per cent. 

The three-phase capacity of their generators is 21,000 kw. 
and their maximum load is 9050 kw., which is a reserve of 132 
per cent. But their single-phase operation really reduces the 
actual capacity of the generators, on a single-phase basis, to 
15,000 kw., which is equivalent to 74 per cent reserve. They 
apparently have no greater reserve than is necessary, because 
they are installing three 6000-kw. three-phase units for additional 
capacity to take care of additional electrification. In another 
part of the paper, for the purpose of figuring the capacity of the 
steam plants if each of the roads installed its own plant, instead 
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of using this actual 74 per cent reserve, we have assumed 50 
per cent, to be conservative, as compared with 25 per cent reserve 
in case of purchase of energy. 

The point brought out in this curve is also important from an 
operating standpoint, because, with a system of central stations 
for all energy used ina community, the entire load factor would be 
in the neighborhood of 60 per cent, as shown in Table I, compared 
with 25 per cent for this diagram using the maximum swing. 

I would like to say just a little, before I conclude, with re- 
lation to the actual saving that, in my judgment, could be 
obtained, assuming that an effort were made to bring about 
the concentration of production and the concentration of primary 
distribution system in the area of greater Greater New York, 
that is, an area including the Jersey shore a little beyond the 
Hackensack river. The total saving in investment that could 
be worked out over a period of relatively few years, based on 
the experience that we have had in Chicago, would amount to 
about $18,000,000 to $20,000,000. That is in investment alone. 
The saving in operating expenses would amount to about 
$1,000,000 a year. Now, figuring fixed charges of 5 per cent 
for depreciation and 5 per cent for interest on the saving in in- 
vestment, and adding to that the saving in operating expense, 
you have a sum almost equal to $3,000,000. That sum, cap- 
italized at 5 per cent, means a creation of $60,000,000 of value. 

At the rate of progress now going on in the neighborhood of 
New York the business is bound to double inside of ten years. 
If the present scheme is followed out,—if the traction companies 
have their own separate sources of supply, if the electric light 
and power companies have their own separate sources of supply, 
if the steam railroads that are apparently on the threshhold of 
electrification have their own sources of supply,—at the end of 
ten years, the waste in money which will have taken place, ona 
5 per cent basis, will be somewhere between $140,000,000 and 
$175,000,000. The direct saving by a concentrated system of 
generation and primary distribution, leaving out of consideration 
altogether the saving in operating expenses, is of itself, in my 
opinion, sufficient to provide the necessary funds for that portion 
of steam railroad electrification centering in New York. That 
is, assuming the steam railroad requirements as about 170,000 
kw., I do not believe that the portion of combined generating 
stations and combined primary distribution system for that 
purpose would cost much over $100 to $110 a kilowatt, taking 
it on the basis of a combined system. 
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The figures which my engineers have prepared indicate that 
if there should be made a systematic effort at massing production 
and massing primary distribution in the area referred to, the 
amount of property that would be realized or made available 
for increased business would be worth $18,000,000, or there- 
about. I do not think that the power necessary for the steam 
railroads centering in New York, and the primary system nec- 
essary to take that current to the railroads, would cost over 
$18,000,000. 

Now the savings are here at your feet. The engineering 
representatives of the interests that have these various public 
services in charge are most of them members of the Institute, 
and they can check up the figures. I will not attempt to burden 
the Institute records with the details, but they are at the disposal 
of anybody who wants to use them. I am speaking not from 
any theoretical point of view, but from my own knowledge and 
experience in developing the business which it is my pride to 
preside over;—I know that the change that I have been able to 
work there, from barely earning dividends to putting the prop- 
erty in a strong, conservative position, has been the result of 
following the policy that I have laid down here, and I urge the 
people who are interested to try to follow it out round New York. 
It is a policy that is worthy of the greatest engineers and worthy 
of the thought of the greatest financiers in this country. It is 
a conservation of the truest order. If the same policy is carried 
out throughout the United States, the conservation of fuel alone 
will be something tremendous. The conservation of labor will 
be something tremendous. The letting loose of capital that can 
be used in other directions will stimulate business. 

There is no greater problem in the industrial world today, 
no problem that presents greater opportunities for the engineers 
to achieve distinction, no problem that presents greater oppor- 
tunities for the financier to achieve distinction and profit, than 
the proper method of producing energy and distributing it in 
a given area, and involved in that question is the solution of 
providing money for that portion of the electrification of steam 
railroads that ends when the energy is put into the track. 

Before concluding, I think it is but fair to my own staff that 
I should say that it would have been impossible for me to 
present this paper if it had not been for the loyal and valued 
assistance rendered me for three months in preparing data for 
this discussion, under the direction of Mr. Junkersfeld, of the 
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Commonwealth Edison Company, and the close personal work 
of Mr. Fowler, our chief statistician, Mr. Gear, our engineer 
of distribution, and Mr. Bird, one of the engineers of our con- 
tract department. These gentlemen whom I have mentioned 
have worked so hard on this matter, and given so much of their 
time to it, that it is only due to them that I should make this 
statement. 


APPENDIX 


Exectric PowER REQUIREMENTS OF CHICAGO STEAM RalIL- 
ROADS ELECTRIFIED—1911—1912 


PREPARED BY PAUL BIRD, H. B. GEAR AND E. J. FOWLER 


ELECTRICAL REQUIREMENTS OF FREIGHT SERVICE ON ELECTRIFIED 
STEAM RAILROADS IN CHICAGO DISTRICI—COMPUTATIONS 
MADE IN MARCH, 1912 

The electrical requirements of the freight service of Chicago 
have been worked out for the same zone that is being considered 
by the Association of Commerce Committee on Smoke Abate- 
ment and Electrification of Railway Terminals. 

The computations cover the year from July, 1911 to June, 1912, 
and it is assumed that the steam railroads in this district are 
electrified with no changes in the tracks and yards, and that 
freight is handled through the city in the same manner and - 
following the same routes as it does today. 

When the railroads are actually electrified there is no question 
but that great changes will be made in the freight terminals, and 
that a large part of the freight that now comes through the heart 
of the city will pass around and outside the city limits and 
possibly outside the electrified zone. 

The results of the investigation are: 


Maximum Load factor 
Month demand Kw-hr. Per cent 

Tully: LOU Ts aot ares tic, eevee .a when 55,200 28,814,400 70.3 
BRI GIAG. ocruicteree wie oie tity audremsoens (6 63,800 33,303,600 69.6 
Seplenibers saci. wnsy us etaousrercnare oe ase 68,700 34,624,800 70.3 
Octobersit. focek chuekiae tra alemdek tae 72,100 37,636,200 TO02 
NOVEM DED ite cae opiates reer 78,000 39,312,000 70 

December ss 55, jp,s:rn a divrraters a sieve ace 74,200 38,732,400 70.3 
January, 101257; 2. eats elena 68,200 35,600,400 70.3 
eb riarvisehs sts vne s.cciacne idee 70,200 32,853,600 69.7 
MATCH ou siesets sniance Wirt sieteete 70,000 36,540,000 70.3 
Pri AG. LtdiGat..\amirtaitale ite tae omen 62,500 31,500,000 70.1 
1 EPR AACS OR RTE Neto, 2 60,400 31,528,800 70.2 
UIST GT, tins ekahe, career aiceelnt o atsin meee rene 60,300 30,391,000 70 


410,837,200 
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The maximum demands and the consumption for December, 
the month during which the meine ye maximum demand would 


occur, are as follows: 


DECEMBER FREIGHT REQUIREMENTS 


Railroads Maximum 
Demand 

WiabashtRihe ccs i emee es keen ieee a ee 1611 
Ca lec RoGvionon) ine wentamieere ..« aeewwadcc uch. 736 
1p SS Ge USS RES it ok Ay, See ee ee me eee en 3244 
INPEYESGa Sc Ot Wak Rea( Nickeliplate).. tan... 0.0.05. ..n 1033 
12), TUE MiG ite Ose) Snitss ents ARORA Pie, 1 Were: Ace oe ee 3352 
FER Cc RO) Ss FUG cet MIN ec car RB ek Ne A eh Tn A 1713 
MELO wR Re crr. eee Pees Re eee ey wee A 8 2878 
IDES) P89 NG 8 Greate eect okt Peg CRATS OOM PL ROR eae ec eee ee 1680 
1s CoG: CASH ae oe te See en ae 2091 
(hicaso. Great Western Ry tao. te as ete oka e sce 1124 
INorthwesternn lyme wr. Geet SIN. caw Swe ae ice. oe AS 7605 
Reyes 3 RS etal aie, doc Sk Or ekee cos ee es oe ee 2520 
Cvs Jb CMON SEL as OE Am ener 2: a Oe he 5098 
Side WR ENEUNG SUA 208 ay coer Sees eitire > RR ae ee en 4127 
IBNisre Cent cal IR: Va Sey! bh eee. Oey ek 4377 
PSUSGULIED) ORS ARTA are ah A Se Ea ie Se ape cde bar ee 913 
Ce C8 2G, Lesa deragoigitc Sie Oa ce ETE onan Men ae ee a ae 1572 
Co 2 TU UA RBG eas Bue Ge CLAN AR a en Ne ea 3193 
Grand Trunk R.R.. ee rate, MOconea eat reer tee 1201 
Wisc. Central (M. s. 'p. & Ss. S. M. se 56 dth Gh aire ae ee REE AeA 1256 
CMe ONO tga Gia tae e Mma a At ie Bese cre ceca ale Scuocaie et os 110 
Chicago: éandianasowenern. ser. oe eect ches ceencse 148 
PeLepilArguctlers races: Fe AMR eee Ne ote. a Hee eens 368 
ChicagoréeeWestern Indiana, & cst. hid sans er aeten Geerecyen ean 967 
Velo Ca Oi Gs Wael RR NRG: dee aie aaa I asl. Se a A ei 2390 
SMP Clio rR eee Meron ak teens =e ees TS Pe Ste lk 4682 
1B Ue Ca DER (OIE, rata 2s dG ee, ee nee rere on 3845 
IBXEIUE, IRIS: a cegen Steed QS NY: papain gh Rr nts ry ge a ARS ly Re 7071 
Chicago, West Pullman & Southern Ry..............2-22025 710 
HN See Ort Merrie Sere iege Sen eh ees aM nS Baie hae x8 Savina? 423 
Manutacttrers: JUnCtiOM. 25 cc .ce cae cite vjea de 8s cue ee ne ys wis ital 
UG bIe LBS TSNORNG IS Gre aoe. oe Cone 1 Cah OP Ce 8 care oa A ee 1991 

INGHEEY I, doa pe AS RUNES cs ta een Pa a 74,200 


Methods and Data Used in Making Computations. 


Kw-hr. 


840,900 
384,200 
1,693,400 
539,200 
1,749,700 
894,200 
1,502,300 
877.000 
1,091,500 
586,700 
3,969,800 
1,315,400 
2,661,200 
2,154,300 
2,284,800 
476,600 
820,600 
1,666,700 
626,900 
655,600 
57,400 
77,300 
192,100 
504,800 
1,247,600 
2,444,000 
2,007,100 
3,691,100 
370,600 
220,800 
89,300 
1,039,300 


38,732,400 


From the 


Association of Commerce Committee, a list was obtained of the 
number of steam locomotives used in the Chicago city limits 
in October, 1911. This list, showing the number of locomotives 
and locomotive hours in each class of service, was as follows: 


Number of 


Service locomotives 
BE LOU MENT rel Gina re Peel a cleveret iat cic. scenic chars: uel ace anes = 361 
Switching aki Meovdete se. rok eet ete nghe «Gebietes 560 
MPA SOI Me rire a Ua ile mies Sec ore Recouaserieys Gye eusuthe anitfe 182 
BD HTOMM UT pPASSENGEL cee eeute Aeciioke sf sisi ened aisle, sine 336 
200 


Suburban PaSSENPer. . 2.5 fc as ee ee eee ee ees 


Working hours 
per day 


812 
7223 
2378 

801 
1000 
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An estimate was made of the coal consumption per working 
hour of each class of freight locomotive, and from the coal burned ~ 
in the city limits per day the necessary electrical requirements 
for the same service were computed. 


OCTOBER, 1911—CITY LIMITS 


Through 
freight Switching Transfer Total 
Number of locomotives........... 361 560 182 1,103 
= “ working hours per day 812 7,223 2,378 10,413 
*Lb. of coal per locomotive per hour 2,000 600 1,350 _ 
Dons: of ‘coal pet dayinecs on. neltee *812 2,196 1,602 4,610 
Wbsiof coal per hotrme, .. sees 67,670 183,083 133,500 384,253 
*Lb. of coal per hour per locomotive 
drawbar horse power......... 10 12 10 
*Efficiency (from drawbar to 
power howise) Alem seria cetac< 60% 60% 60% 
Average electrical load in kw...... 8,675 19,072 16,473 44,220 
*Watt-hours per ton-mile.......... 31 120 56 
(Poemiles: peri Gaya aie esse ints oe 6,767,000 3,821,814 7,036,610 17,625,424 


*Assumptions. 

The pounds of coal. per locomotive per working hour were 
assumed as shown above after consulting with several Chicago 
railway men. The tons of coal per day obtained in this way check 
very closely with similar figures published in the 1911 report of 
the Chicago Smoke Department, which figures were obtained 
directly from the railroad companies. 

The pounds of coal per hour per drawbar horse power was 
assumed after discussing the subject with a prominent engineer 
of one of the large trunk line railroads. As a result of many 
actual tests he found that his road used about eight Ib. of 
eastern coal per drawbar horse power. Correcting this figure 
for the difference in the heat value of the coal, the above figures 
were obtained for Chicago. 

The efficiency of 60 per cent between the locomotive drawbar 
and the electrical power house was also chosen after discussing 
the matter with the same engineer. This takes into account the 
losses in the line, the transformers, and in the motors and gears 
of the electric locomotive. 

The “ watt-hour per ton-mile ” figures are in accordance with 
results obtained on several electrified roads. 

Having thus obtained the average power house load in kilo- 
watts for the city limits and the month of October, 1911, the 
following steps were taken: 
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1. The average load of 44,220 kw. was apportioned among 
the various railroads operating in the city. 

2. The results were increased, so as to apply to the Association 
of Commerce electric zone instead of the city limits. 

3. A study was made of the movement of freight cars during 
the different hours of the day, and the different months of the 
year. The increased traction on account of cold weather was also 
considered. The daily, monthly and yearly load factors were 
thus obtained. ° 

4. The maximum demand and consumption was then com- 
puted for each railroad and each month of the year. 

5. The results were checked in various ways. 

Apportionment of Total Average Load Among the Railroads. 
The total average load was found to be 44,220 kw. for October 
and within the city limits. This was divided among the different 
railroads in accordance with the coal consumed by their freight 
engines as given in the Smoke Department report of 1911. 

Increase of Figures to Cover Assn. of Commerce Electric Zone. 
A statement of the track mileage of all railroads for the city 
limits and for the zone, was obtained from the Association of 
Commerce committee. With this as a basis, and from a careful 
study of the map, the figures of average electrical load were 
increased to cover everything within the zone. The average 
increase in load was 22 per cent. 

The following table gives the average load in kw. for October, 
for the area within the city limits and also for the area within 
the electric zone. 

Load Factors, etc. A daily load factor of 75 per cent was 
assumed for the entire freight business of the Chicago district. 
Mr. L. C. Fritch (now chief engineer of the Chicago & Great 
Western R.R.) investigated the subject of electrification of the 
Chicago terminal of the Illinois Central R. R. in 1909. He, of 
course, had access to all the records of the railroad and his load 
curves for the freight service show a load factor of 75 per cent. 
The subject of the movement of freight cars through Chicago 
was also discussed with several railway officials connected with 
roads which are among the largest handlers of freight in the 
city, and from the information thus obtained, it seems certain 
that this figure is about right. 

Average load in kilowatts, October, 1911, 54,000. 

Maximum kilowatts, October, 1911, 75 per cent load factor, 
72,100. 
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; FREIGHT SERVICE 
AVERAGE LOAD IN KILOWATTS. OCTOBER, 1911 


Maximum 


City Per cent Electric kilowatts 
Railroad limits increase zone 75 pet cent 
load factor 

Wabash, RiRiaitn cee ee 980 20 1180 1570 
Code. & LR Rese enciean oeeaa cet 460 15 530 710 
TS Oe Me on eM omer re eaten y= 1890 25 2370 3150 
Neos CoSaStiits. ReRe ieee ae 620 20 760 1010 
PP. Rts Wises Conk Vas es teoreatars 1950 25 2430 3250 
BE & OF RiR wesc ctiee 830 50 1240 1660 
Miu Co RRS. Ease eee 1740 20 2080 2790 
Erie: R.. Raita escresekiets tees 1020 20 1220 1630 
PP CoG ke Star lse bc oktae a ieralacrare 1320 15 1520 2030 
C. Great Western Ry......... 750 10 820 1090 
Northwestern Ry............- 4430 25 5550 7400 
Rock iisiatta KYi. - os ete sues 1530 20 1840 2450 
CrHBsGaQ) RR ie ae saat 2970 25 3720 4950 
SIREN DIES GG Sera mriciniodoch ox 2500 20 3000 4010 
Tilst Centraly ks bes. sereateiie tists 2900 10 3180 4250 
SantaiRe Ry acosameretae a eae 580 15 670 890 
Ci CAR ike bien ica ese 1000 15 1150 1530 
CR Bile Re Re cetp cnet ona 1940 20 2330 3100 
Grand “Trunk Jase: he ee ete 700 25 870 1160 
Wise. ‘Central itr.s.cepse0 aa 450 100 900 1200 
Gs &-O: of Indiana... ..7- =. * 80 15 90 100 
Chicago & Ind. Southern...... 100 15 110 140 
Pere: Marquette. cr. c6. weiss nes 230 15 260 350 
"Chi. & Western [nidicc. sc006 ss 640 10 700 930 
Bi &0.—Co Tar. Re cteciecct 900 100 1800 2350 
Gs. Junction sidcitinntessta cssistenciele 3400 0 3400 4550 
Rye Ee RY fees caeleheit eae 1400 100 2800 3730 
Belt Rysreccces sameeren: se 4900 5 5140 6870 
Ch. W. Pullman & Southern... 500 10 550 700 
TH SSN Orthern <tetecccnters.si scenery 300 10 330 420 
Mies Tunction.he sansensitdeste 100 25 120 160 
Mise... Belt) Roads. jcateciasictea a. 1100 25 1380 1940 

Total eee tea acmiaten 44,200 54,000 72,100 


In order to get at the variation in the freight business through- 
out the year, the freight earnings of several of the principal 
railroads were plotted as shown in Fig. 21. The ratios obtained 
in this manner were used in getting the maximum kilowatts for 
each month of the year. 

It was then decided to add to the maximum kilowatts of 
the winter months, the following percentages to take care of 


increased traction due to cold: 
Per cent added 


Month on account of cold 
No vern berets. cts arcs ccrstetstas ces on ag oat te cee es 10 
Deecembetay stent, en cu mnsatcee toric amen reer 20 
Jamulbry.s sh Sak tals Reacts « aidateterte co tten terere ae 20 
FOBIu ary < jc aiaiuiersbie arden Ginn ete Ee eee 20 
Marchi). sc:cre eats, vanalacerv er ara Rite Cloke etki en een nates 15 


Agisils span crustal scatiniuaterteere ae) evelselsternieves cuerureteats 5 
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In getting at the monthly kw-hr., the Sunday requirements 
were assumed to be one-half of week-day requirements and four 
Sundays were used per month. 

“The following table shows the maximum kw., the kw-hr., and 
load factors for each month in the year. 


FREIGHT ELECTRICAL REQUIREMENTS—CHICAGO 


Per cent Maximum kilowatts 

of aver- Load 

age daily Additional factors 

earnings} Normal |on account of cold Total Kw-hr. --- 

for require- |——_—_______| maximum per 

October | ments |Per cent | Amount : cent 
Aiitlyy pO UE ee )| cn. 55,200 — — 55,200 28,814,400 | 70.3 
AM StISt. ernie 88.5 63,800 —_— — 63,800 33,303,600 | 69.6 
September....} 95.3 68,700 —_ —_ , 68,700 34,624,800 10:3 
October....7- 100 72,100 — — 72,100 37,636,200 | 70.2 
November....| 98.4 70,900 10 7,100 78,000 39,312,000 70 
December.....| 85.7 61,800 20 12,400 74,200 38,732,400 | 70.3 
January, 1912.| 78.9 56,800 20 11,400 68,200 35,600,400 | 70.3 
February..... 81.1 58,500 20 11,700 70,200 32,853,600 | 69.7 
Nierch’37.2....5 84.4 60,900 15 9,100 70,000 36,540,000 | 70.3 
Avil roc iets =:0.8 81.3 58,600 5 3,900 62,500 31,500,000 | 70.1 
Mayers. 83.8 60,400 —_— —_ 60,400 31,528,800 | 70.2 
ines t. 83.6 60,300 _ — 60,300 30,391,000 | 70 

410,837,200 
Average monthly load factor..... 70.1 
Mmnatall load! factor. swivel cis ance) OU L 


Normal maximum kilowatts assumed proportional to earnings. 
Load factor for week day assumed at 75 per cent. 
Sunday requirements } of week day, assuming four Sundays to month, 


Ratio of Passenger to Freight Load: 


Total kw.hr. per year, passenger.......+...++- 183,452,500 — 31 per cent 
fe Se ee a) Ch ee dehUne a cid 6 WO SOI AS 410,837,200 — 69 per cent 
bk eee ee « passenger and freight....594,289,700 — 100 per cent 


The 1911 report of the Chicago Smoke Department gives the 
average daily coal used by railway locomotives in city limits as 


follows: 


Tons of coal per day, passenger........ 02s sees eeeee 1163 — 21 per cent 
el Ms BA velo Hibep ia neta tatters eet are) ste te «eX 4438 — 79 “ s 
a ie « passenger and freight..........-- 5601 — 100 “ “ 


This is a good check on the computations of the electrical 
energy required as to the proportion between passenger and 
freight service, for it is to be expected that locomotives en- 
gaged in freight service operate less efficiently than passenger 
locomotives. 
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Saving of Coal due to Electric Traction. The total electrical 
energy per year required by the electrified steam railroads of 
Chicago is: 


Passenger service...........-- 183,452,500 kw-hr. 
Freight: ..22ss00 ares Se ee 410,837,200 kw-hr. 
"TOtal wuss cee see ae 594,289,700 kw-hr. 


At three lb. of coal per kw-hr. the total coal per year in the 
power houses would be 891,000 tons. 

The 1911 report of the Chicago Smoke Department shows that 
the railroads burn in their steam locomotives about 1,850,000 
tons of coal per year in the city limits. Increasing this figure 
by 22 per cent, it is seen that the railroads burn about 2,260,000 
tons of coal per year in the electric zone.. The ratio of the coal 
burned with electric operation to the coal burned with steam 
locomotives is 1 to 2.55. 

Mr. W. S. Murray, electrical engineer of the New York, 
New Haven and Hartford R. R.,ina paper presented at the 1911 
convention of the A. I. E. E., said: ‘‘ It has been demonstrated 
that the ratio between the coal burned for operating passenger 
trains by electric rather than by steam locomotives is 1 to 2. 
In the case of switching engines, this ratio is much greater, a 
figure of 1 to 3 being conservative.” 

Tonnage of Freight handled in Chicago. It is surprising to find 
how little information there is available on this subject. The 
railroads do not keep their records so that the tons or car loads 
of freight handled in the Chicago district may be obtained. 
Apparently the only record of any sort that was ever kept of the 
freight movements was in 1902 and 1903 when a committee of 
Chicago railway officials made a report on the interchange of 
freight between the different roads. This report was made with 
particular reference to the clearing yards of the Chicago Union 
Transfer Company. A copy of this report was borrowed from 
Mr. L. C. Fritch and by means of it an estimate was made of the 
tonnage handled by the 18 principal railroads operating in 
Chicago. The figures given in this report cover the number of 
loaded and empty cars handled during the year ending June 30, 
1903. To get at the tons of freight handled in the year ending 
June 30, 1912, the following assumptions were made: 


Weight, of empty‘freight’ cart? ?. j.05..Ahhde newts cet tet ae sae 18 tons 
“loaded “ #6 Sait ity Sel eal RMS ney IES cen oe ea 405 = 
Days: per Year vichis i tie’s sare due. dashete spear c SSA Ra eae cea eee 330 * 
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The last figure was obtained by plotting a curve of the total 
ton-mileage of freight handled per year in the United States 
from 1902 to 1910. This information was obtained from Mr. 
Slasson Thompson’s bureau of railway statistics. From the data 
given in the 1903 report it was also possible to approximate the 
number of switching movements, transfer movements and ‘in 
or out ” or through freight movements. 

After getting the number of tons of freight (including weights 
of cars) per day in each of these three classes of freight move- 
ment, by assuming the average distance travelled in each class 
of movement, the ton-miles were obtained. The mileages 
assumed were: 


ER RE SU 2 Vee 1d a eae ea mae ar Rae 7 miles 
HP UR GLI mL Go eae ear ateay rl i aes ae ern ae I 2 
ASSL SoBe. 2 peli By ate Oh etocaeg & A 1G .a 


It may seem surprising that the average transfer haul is 
longer than the average in or out haul, but this is undoubtedly 
true. The list previously given shows 2378 transfer locomotive 
hours per day as against 812 through freight locomotive hours. 

Knowing the average ton-miles per hour and applying figures 
for ‘“‘ watt-hours per ton-mile,” the average electrical load was 
obtained. The table on the following page shows the results 
of these computations. 

As this 1903 Interchange report only covered the 18 principal 
trunk line railroads, the figures thus obtained serve only to 
check a part of the results arrived at by the other methods. 
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DETERMINATION OF ELECTRIC PowER REQUIRED TO OPERATE 
PASSENGER TRAINS AT CHICAGO TERMINALS 


General Plan. Observations were made on a mid-week day 
between 4 and 5 p.m. as to the number and kind of cars making 
up each train entering and leaving each of the six passenger 
stations now in operation. 

At the Northwestern station and the Grand Central station 
these observations were extended to include all trains entering and 
leaving the station throughout a 24-hour period, these two being 
chosen as the ones representing the heaviest and lightest traffic, 
respectively. 

From the data secured by observations, average weights of 
trains for the different classes of service were derived and from 
these weights and the special time schedules gotten out by 
the railroads for the use of their employees, the running time and 
average kilowatt demand for each train were calculated for all 
through trains for the entire 24 hours. Twenty-four-hour load 
curves were plotted from average weights of trains for the subur- 
ban service of the Northwestern and LaSalle stations, these 
stations being taken as typical of the suburban service of other 
stations. 

Through trains were considered as being operated by loco- 
motives, and suburban trains as being made up of multiple-unit 
cars similar to those used by the New York Central, with two 
trailers to three motor cars. From these train diagrams, load 
curves were derived for the rush hours from 4 to 8 for the six 
terminal stations, the curve for through trains being determined 
separately from that of the suburban trains. 

From the observations taken in the other stations between 4 
and 8 p.m. suburban load curves were plotted for those hours and 
a total curve for suburban trains made up for the hours of 4 
to 8 p.m., thus fixing the maximum for the suburban service at 
all stations. 

Having determined the ratio of the combined suburban curve 
of the Northwestern and LaSalle stations to the total suburban 
curve for the hours of 4 to 8 p.m., this ratio was applied to the 
Northwestern and LaSalle stations’ suburban curve for the 
remainder of the 24 hours in order to get the total suburban load 
curve. 

Twenty per cent was added to the through train load to allow 
for increased traction due to cold weather and 50 per cent to 
suburban train load for increased traction and electric light and 
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heating. From these increased values the load curve for the 
winter months was made up. 

The schedule of percentages of increase added during the fall 
and spring months for increased traction and heating which was 
used in connection with the freight power data, was applied to 
the passenger load curve for the purpose of determining the 
kilowatt-hour consumption for the different months of the year 
and the annual kilowatt-hour consumption. 

Train Weights. The weights of trains were calculated on the 
following basis: 


Locoutotivess oo yvelos.0 cas ree mise > = ies Taleo, mi apamietes 110 tons 
Baggage, express and combination Cars... ....5 . cies seseneemeceas 605 
DRY COACHES irs s couete cree iain aves ora aa onetes token eiclers esta one ecareeeaen aaa 40 Ti 
Ordinary /pullmams eter ey ales akiel celine a ea re 623°“ 
Steel. pial as fais ee oct slocaleace lay esi aes Pe ec ee epee 54 oe 
DYEMETS  Wracae cic ee ake here agate> hie 2 pel Me cen e tah « he, aioe alesis fee Eee eee OG. & 
‘Trailer.cars(sa bax batt): yee oes kate ovsder foaonatepal al bic Get mage ear «ihe Pete 46.) *¢ 


Method of Calculation. From the total weight of the train and — 


the distance travelled in the zone the ton-miles were derived. 
For locomotive trains an energy consumption of 40 watt-hours 
per ton-mile was assumed; for the express run of suburban trains, 
55 watt-hours per ton mile; and for the local run of express and 
local trains where stops are frequent, 120 watt-hours per ton- 
mile. From the kilowatt-hours used by the train and the elapsed 
time as figured from the time schedules, the average kilowatts 
required by the train during the time of its run was calculated. 

From the kilowatt demand of the trains the load curve was 
made up by the use of a train diagram showing the number of 
trains and the power taken by them at each half-hour interval, 
except during the peak hours, when the calculations were made 
for each 15 minutes. 

Fig. 23 shows how the through passenger load would vary 
throughout the year, making proper allowances for increased 
traction due to cold weather, also taking into account the varia- 
tion in the amount of business done. It is assumed that the 
amount of energy required for the different months, exclusive 
of traction due to cold, would differ from January by a percent- 
age equal to one-half the per cent difference between the earnings. 
for January and the other months of the year. 

Fig. 24 shows the suburban requirements of the year; the nor- 
mal requirements are assumed as constant and the additional 
due to increased traction and heat are shown, 
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TOTAL LOAD CHICAGO THROUGH TRAINS 


Grand | North- Total 

Time Central | western LaSalle Union | Dearborn EC: kw. 
A.M. 12:00 = == 1600 1470 2090 1340 6,500 
12:30 360 = 610 1470 340 1180 3,960 
1:00 360 — 610 = = — 970 
1:30 — = 250 730 == = 980 
2:00 = — 1180 — = = 1,180 
2:30 — — 1190 — 720 a 1,910 
3:00 -- 620 1400 1900 590 1490 6,000 
3:30 = — _ 580 — 1360 1,940 

4:00 — _ —s Foss = pe see 
4:30 — 140 = = = = 140 
5:00 -- 140 160 = ae = 300 
5:30 — — = = = 550 550 
6:00 560 — 1750 990 — 550 3,850 
6:30 560 1180 3940 4220 2860 1570 14,330 
7:00 280 1760 3540 4380 2640 2710 15,310 
7:30 530 2400 4650 3880 2710 2370 16,540 
8:00 | 1270 1990 3280 3990 940 940 12,410 
8:30 | 1180 3350 4450 2390 810 940 13,070 
9:00 | 1140 3060 3100 3000 3100 390 13,790 
9:30 —_— 2750 2620 3330 3300 1680 13,680 
10:00 370 2810 1830 4220 750 3280 13,260 
10:30 370 1320 3830 2410 1090 2590 11,610 
11:00 — 3750 3170 1600 1270 1050 10,840 
11:30 — 1050 1600 2200 1810 540 7,200 
P.M. 12:00 310 1050 2280 2060 1950 580 8,230 
12:30 580 720 1510 = 2710 570 6,090 
1:00 960 560 1930 700 650 1280 6,080 
1:30 — 2080 1940 1730 540 1200 7,490 
2:00 — 200 1160 1900 540 — 3,800 
2:30 — 850 2420 = — = 3,270 
3:00 470 1250 1580 1670 1700 1120 7,790 
3:30 — 1650 3000 1380 980 560 7,570 
4:00 890 930 | 1240 1880 590 450 5,980 
4:30 890 1890 2630 2520 1550 2070 11,550 
5:00 -730 750 3280 2230 1580 930 9,500 
5:30 270 1040 4190 3530 1160 930 11,120 
6:00 440 750 2530 2730 1300 1530 9,280 
6:30 930 3080 630 2490 — 1530 8,660 
7:00 320 2240 1340 — 920 1780 6,600 
7:30 — 460 | 1300 1560 590 1860 5,770 
8:00 | ‘— 1010 1660 2350 720 1820 - 7,560 
8:30 — 3000 2510 3160 1370 1810 11,850 
9:00 — 1480 3010 1480 2900 1710 10,580 
9:30 840 — 1860 590 2080 1630 7,000 
10:00 870 610 940 2950 1140 1660 8,170 
10:30 870 1800 1990 ~ 3410 870 580 9,520 
11:00 — 1200 980 590 510 = 3,280 
11:30 430 — * 2310 — 1710 — 4,450 
12:00 = — 1600 1470 2090 1340 6,500 


The above figures do not include the allowance for increased traction during winter 
months. 
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SumMARY, ELectRICAL REQUIREMENTS FOR PASSENGER SERVICE 


Normal Requirements. The suburban service is assumed the 
same as January throughout the year. Sundays, for the subur- 
ban service, are assumed 333 per cent of a week-day. 


REQUIREMENTS OVER NORMAL 


Suburban and through. Surburban 
Increased traction on only. 
account of cold Heat 
Novembeticcac actor steameies ee 10 per cent 15 per cent 
Decembersanen ocsias eee 20'5-* © 30 & bd 
PARUAT Vissi cai motte, 9h er 20 es 30 -* bs 
February sce y mdassias ee on 20) a * * 30) .* WW 
March 02s ste, tik shomenate 1 ae a 20: = in 
April ae : Lt ee ar 
; F Coincident maximum kilowatts 
Daily earnings 
over January ex- Light and power 
pressed in per Through | Suburban | for depots, offices Grand 
cent shops, etc. total 
July 191i. 12.6 11,490 37,310 3550 52,350 
AUIS Pr eats 18.8 12,120 37,310 3550 52,980 
September... . 17.6 12,000 37,310 4000 53,310 
October’. Ss.m 10.4 11,260 37,310 4250 52,820 
November... . 5.9 11,880 46,640 4570 63,090 
December... .. be 12,940 55,960 4850 73,750 
January, 1912. — 12,240 55,960 4850 73,750 
February..... 0.2 12,260 55,960 4570 72,790 
March..cse..< 0.3 11,760 50,370 4250 66,380 
Aptilen asses 1 Ly 10,890 42,910 4000 57,800 
MAE eincis tens 2.6 10,470 37,310 3550 51,330 
Junewer cnn. 10.3 11,250 37,310 3550 52,110 
Kilowatt-hours 
Light and 
Through Suburban | power per Grand Load factor 
month 
July, 1911 6,633,600 5,679,200 1,850,200 14,163,000 36.4% 
AUPUETS vee 7,045,700 5,816,700 1,882,700 14,745,100 37.4% 
September....| 6,743,500 5,611,400 1,836,500 14,191,400 36.9% 
October...... 6,504,000 5,679,200 1,895,000 14,078,200 35.8% 
November....| 6,680,000 7,014,300 1,895,000 15,589,300 34.3% 
December. . . 7,472,500 8,518,800 2,068,000 18,059,300 32.8% 
January, 1912| 7,116,800 8,725,100 2,104,200 17,946,100 32.9% 
February..... 6,658,700 8,109,200 1,816,600 16,584,500 32.7% 
Marche aneu 6,795,500 7,666,900 1,895,000 16,357,400 33.1% 
Aprily evn ves Ol2a,400 6,453,100 1,836,500 14,413,000 34.6% 
Mays. si ceaterais 6,085,000 5,816,700 1,882,700 13,784,400 36 % 
UG serereiats feiss 6,281,700 5,473,800 1,785,300 13,540,800 36.1% 
Total...) 80,140,400 | 80,564,400 | 22,747,700 | 183,452,500 28.3% 
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Through-train requirements for different months were obtained 
by increasing the January figures by one-half the excess of the 
daily passenger earnings of those months. Sunday, for through- 
trains, is taken as 80 per cent of a week-day. 

The energy required for light and power for depots, offices, 
shops, etc., battery charging, and operating switches, is assumed 
at 5000 kw. maximum and 50 per cent annual load factor. 


CALCULATION OF TRANSMISSION AND CONVERSION SYSTEM FOR 
PASSENGER AND FREIGHT LOADS 


To determine the location and size of substations required 
for the supply of the third rail system, the positions of all pas- 
senger trains which will be operating in the electric zone at 6:05 
p.m., the time of the evening peak, were indicated upon a railroad 
map of Chicago, these positions being determined from the train 
schedules. No train schedules were available for freight trains 
and it was therefore necessary to locate these on the map in 
amounts approximately equal to the demand of a single train, 
chiefly near the freight yards where switching is the heaviest, 
a few trains being located along the main line. 

Two general plans of power supply were assumed: (a) based 
on the installation of a separate power system for each road or 
group of roads using the same tracks or operating under allied 
financial interests, and (b) based upon the entire power supply 
being operated as a unified system, the energy being derived from 
the nearest station of the Commonwealth Edison Company or 
the Public Service Company, and all stations being used to supply 
all the roads which came within an economical radius thereof. 

The position of substations was then fixed by allowing a dis- 
tance of four to five miles apart on the larger roads and six miles 
apart on the smaller ones. 

In scheme (a) where operation is contemplated by groups, 
power houses were located at points where condensing water was 
available, where it was possible to secure such sites within a 
reasonable distance of the railroad company’s tracks. 

However, in the smaller system where the loads were from 
5000 to 10,000 kw. this was not entirely feasible and sites were 
selected in some cases with reference to the distribution of the 
load. 

In selecting the capacity for generating stations under group 
operation, it was considered that from 50 per cent to 75 per cent 
surplus capacity would be required to take care of swings in the 
load and provide suitable reserve. 
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Fig. 26 shows swings of nearly 100 per cent over one hour 
maximum for the New York, New Haven & Hartford Cos Cob 
station. 

Transmission lines were laid out on a basis of a line for each 
3000 kw. of load with a reserve line for each substation. The 
reserve supply was secured in the smaller substations by using 
one line with taps to two or three substations. 

In the plan for unified power supply it was assumed that the 
present 600-volt substations of the surface and elevated roads 
would be available, when increased in capacity, as sources of 600- 
volt supply for all roads coming within an economical range of 
their distribution, and the necessary number of additional lines 
to these substations to supply the steam railroad load are in- 
cluded in the estimates. 

It is assumed that transmission lines would be run overhead 
along the railroad company’s right-of-way in the outlying por- 
tions of the city where steel pole construction of a substantial 
character could be employed. Wherever lines were run on public 
streets it was assumed that they would be carried underground. 


SUMMARY OF RESULTS 


Under a unified plan of power supply, only 21 additional sub- 
stations would have to be established and the total number 
would be only 43 as compared with 72 substations under group 
operation. 

The number of transmission lines under the unified plan would 
be 81 as compared with 132 under group operation, and there 
would be over 23 times the length of line required for group 
operation as compared with the unified plan. 

The data for the unified plan are as follows: 


Num berot sG@pstationsac. 4 >. -ercostre tame eit eae cle men toner etme ee 43 
Number of/lindstepoarerint eas aan ch ae ae alee. eee 81 
Capacityiot substations, (cw 8 or wn tciinc a cis crete wakews ior tenis 205,000 
Capacity of penerating stations, lew.sun oicasse+ceacaccscensee 142,000 
Leiigth' of lines) f6et. aan. utr ree. ee, as ee 1,390,000 


The data for group operation appear in the following table. 

A comparison of the investment necessary for unified power 
supply, as compared with a separate supply for each road or 
group of roads, shows the following saving in favor of unified 
power supply: 

Power-house capacity.............. 99,500 kw. 
Substation capacity ss Hadiebe mae 39,500 kw. 
Transmission line cables in feet... .. 2,273,000 feet 
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In addition to the above saving, there is a corresponding saving 
in conduit construction, where the lines are underground, and 
in pole line construction, where the lines are overhead. 

There is also a corresponding and possibly even greater saving 
in the 600-volt feeder, cable and conduit or pole lines for same. 

It must also be borne in mind that, where the stations and 
substations are of larger average capacity, the investment per 
kilowatt is less than where the same load is distributed over a 
larger number of stations and substations. This same principle 
applies to transmission and distribution cable and conduit, and 
pole lines. 

Also the same principle applies, to fully as great an extent, to the 
operating and maintenance cost of stations, substations and lines. 


SUMMARY 
TOTAL ELECTRICAL REQUIREMENTS—ALL STEAM ROADS 
Load at time of monthly maximum demand 
Freight Passenger Total 
PuUly sy) LOL oir acete ele egee tereeraiiat ety stale 54,250 52,350 106,600 
AUugustac cuca ayters cetera tt ice coco 62,700 52,980 115,680 
Septem bers scare sles esbuers cera 67,500 53,310 120,810 
OCtODGr: Fc Sale. trlcmnetereten 70,900 52,820 123,720 
NOVGEMDES serene ec ket cere eran 76,700 63,090 139,790 
Decomberne ctsietsne aveleieies heen codec as 73,000 73,750 146,750 
January S191 25. myles: asthe .sieceiasic 67,000 73,020 140,020 
February: i. chine des ccm eee 69,000 72,790 141,790 
Marchant aentoccic due ae ae 68,800 66,380 135,180 
MADE cso.) vast Maret rote sp aslenaonauetves 61,400 57,800 119,200 
MAY. seenstarn=, he ninisrsicshercren aioe cree 59,400 51,330 110,730 
JUNG saosaisstatne letrtane ctaico seek 59,300 52,110 111,410 
Kilowatt-hours 
Freight Passenger Total Load 
factor 
‘JulypeLO RU Mathes ee vee 28,814,400 14,163,000 42,977,400 54.3% 
A USUBE, re cate. Mixa ieee is 33,303,600 14,745,100 48,048,700 55.8% 
September.aas sconces vee 34,624,800 14,191,400 48,816,200 56.2% 
OCCODERS «i arcs arent ret ons 37,636,200 14,078,200 51,714,400 56.4% 
INOVEMDEDiniwstc. cetera 39,312,000 15,589,300 54,901,300 54.7% 
Decoemberie i ccesacteucs 38,732,400 18,059,300 56,791,700 52 % 
January; luloces.ases cin. 35,600,400 17,946,100 53,546,500 51.5% 
Februaryiccsutheocsnonen s. 32,853,600 16,584,500 49,438,100 51.8% 
Match Apri teria canst, 36,540,000 16,357,400 52,897,400 52.5% 
April Meee eee 31,500,000 14,413,000 45,913,000 53.4% 
INT 89:5 We thrches She oen det cians 31,528,800 13,784,400 45,313,200 55 % 
JUN Gime dires o.oo ee 30,391,000 13,540,800 43,931,800 65 % 


Dotan h sits canne sel 2LO,S8 7-200 183,452,500 594,289,700 46.2 % 
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Discussion on ‘“ THe RELATION or CENTRAL STATION GENER- 
ATION TO Rattway ELEcTRIFICATION” (INSULL), NEW 
York, Aprit 5, 1912, anp Boston, Mass., JUNE 26 AND 2G 
1912. 


Discussion aT New York, Aprit 5, 1912. 


John W. Lieb, Jr.: The Institute owes a debt of gratitude 
to our distinguished fellow member from Chicago, who has pre- 
sented such a vast and important economic proposition so lucidly 
and convincingly, and who has come before us and with such 
frankness and without reserve, has given us the benefit of the 
experience of his company, and of the advantages which have 
accrued to it from his far-sighted and economical administration 

The address that we have listened to is of great advantage to 
us, and I think we may say, with some regret, that we are not 
often favored with such addresses before this body. Our prob- 
lems, as they have been discussed here, have unfortunately been 
limited to problems of systems, and we have had here time and 
again, as you all know, pretty active discussions as to choice of 
systems. May it not be that we have wasted a large amount of 
energy and time on some of the details of the problem, of its 
minor construction features, and have let slip by some of the 
more economic and fundamental propositions? I think, there- 
fore, that the Institute is fortunate in having had presented an 
address which opens before us some of the larger aspects of the 
engineering problems with which we are face to face. 

Not having had these figures in hand before, which Mr. 
Insull now presents to us, I am unable to discuss them from the 
standpoint of detail application, and I shall therefore approach 
the subject from a rather general standpoint. The first thing 
that strikes one is the large economical advantage which all of 
the central stations referred to, speaking solely from the light and - 
power generating standpoint, have achieved in attaining the 
rather significant load factors that are here indicated. These 
may with advantage to us be compared with corresponding load 
factors which obtain in the lighting and power stations abroad, 
which have not yet entered the railway field. It will be seen 
that the lighting and power stations here have reached a 
favorable economic position as regards high load factors, and 
advantageous investment costs, which has been due to their 
stimulation within the light and power field of all possible uses 
of electricity. It is undoubtedly due to their energetic endeav- 
ors to cultivate the field that they have been able to reach the 
high load factors here indicated, also taking advantages of the 
diversity factor resulting from the different applications of 
their product. 

Mr. Insull, in his work in Chicago, has demonstrated in a strik- 
ing manner the advantages of also invading the railroad field, and 
securing the benefits of that further diversity factor which results 
from a combination of the railway load and the lighting load. It 
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seems to me that one of the significant features of these diagrams 
is the great advantage, rather difficult to estimate, which accrues 
from the fact that the lighting load, particularly in the morning 
hours, leaves the light and power stations with a very large 
element of spare capacity at a time when the railroads, and 
particularly the surface roads, have, or are likely to have, an 
excessive demand. ‘This feature is rather strikingly indicated 
in the diagram. ; ; 

I wish to point out another thing in relation to this subject, 
and that is the question of the systems. If we are in the future 
to obtain the economic advantages of consolidation of systems, 
the economical combining of these systems will be greatly 
facilitated if they are operated by a similar type of current. If 
we are to combine these systems and have 15 cycles for part of 
the railroad load, 25 cycles for another part of the railroad load 
and part of the lighting load, and then 60 cycles for another part 
of the lighting load, the problem will be very difficult of solution. 
The figures which Mr. Insull has given us as to the economic 
possibilities of the situation have a very important bearing on 
this debated question of systems. 

Dugald C. Jackson: I desire to express very briefly my 
appreciation of the creative imagination of Mr. Insull. When I 
say creative imagination, I mean an imagination which con- 
ceives and puts into useful effect those things which are of ad- 
vantage to the engineering and the commercial and the social 
world. I think it is not too much to say that Mr. Insull’s work 
in the lines that he has presented in this paper has beén of much 
moment to electrical engineering, and is now proving of moment, 
and will prove of greater moment, to the general social fabric. 

The question of obtaining power conveniently delivered for 
any purpose, whether for locomotion, for lighting, for heating, 
for cooking, for mechanical power used in the shop—it makes no 
difference what the use is—this question of the delivery of power 
where it may be utilized conveniently and for the least cost is one 
of the most important matters before our modern civilization, 
where we have our peoples closely contracted within narrow limits 
in the cities, and it is only by working out the problem in the 
broad-minded and comprehensive fashion that has been presented 
in this paper that we can make the cities, as they are growing 
to be, inhabitable places. This is one of the things that our 
economists have not yet thoroughly grasped. The practise of 
the engineers has outrun the theories of the economists. The 
economists have not been able to keep pace, and we are constantly, 
as a consequence of that situation, having contests between the 
engineering world and the general world of economics; but it 
seems to me that presentations of this kind before engineering 
societies must be an aid toward bringing the economic views and 
the engineering views into harmony. The economists are trying 
to get at the truth and the engineers are working for the purpose 


of producing truths, and consequently they must ultimately get 
together. 
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Charles P. Steinmetz: The data given in the paper are com- 
plete and conclusive facts, derived from actual operating ex- 
perience, and as such must stand unchallenged. 

I wish to say that this paper from Mr. Insull is the most im- 
‘portant paper read before the Institute to which I have listened 
for years, in that it announces the approach of a new era in the 
electrical industry, the change from the diversified electric gen- 
erating systems or diversified classes of work, to electricity as the 
universal source of power serving the community, the territory, 
‘the state, and nation. The great and important feature of the 
‘paper is that these curves and data are not the conclusions of an 
enthusiastic engineer who tells us what can be done, but are an 
enunciation of the principles which Mr. Insull has carried out in 
making this system the greatest and most successful central 
station of the world. 

Lewis B. Stillwell: I cannot claim to hold a brief for the rail- 
roads, primarily, my first experience having been more especially 
in the general field of power transmission and in the theoretical 
contemplation of these possibilities which Mr. Insull in Chicago 
has worked out into actual demonstration. I regard the paper 
as peculiarly important, for the reason that Mr. Insull is the one 
man who has had the courage to translate into action what others 
have realized in theory, somewhat less clearly than he, for many 
years. . 

It might be inferred from what has been said that there is 
another side to this proposition of indefinite and general aggrega- 
tion of plants, and like every other question of engineering, there 
1s another side of it. You will note, if you will examine these 
curves, that the advantages that accrue from the utilization of 
the diversity factor decrease rather rapidly as the size of the in- 
dividual aggregated plants increases. It is a very different 
proposition when you come to put together two 100,000-kw. 
plants from what you have when you are dealing with a proposi- 
tion which involves six-light and ten-light customers—you are 
running toward one of the limitations. One practical limit in- 
terposes itself in respect to continuity of service; another that 
-we encounter is imposed by the diversity of voltage. Unfortu- 
nately, it is complicated very greatly in many cases by the fact 
that-we have several frequencies in commercial use. : 

T should like to ask Mr. Insull a question which may bring out 
a useful answer: I understand that he contemplates the pos- 
sibility of extending his operations to the northern half of the 
state of Illinois. ‘In many of the towns of that state he will find 
60-cycle apparatus used for lighting, and I would ask Mr. Insull 
whether in undertaking to light a town at a distance of 50 miles 
from Chicago, he would propose to do this directly from his trans- 

‘mission circuit, or whether he would regard it as necessary either 
to. employ storage batteries or carry turbo-alternators or some 
other device floating on the line to overcome the difficulty which 
results from momentary interruption of service? 
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It is not sovery many years since the Manhattan Railway Com- 
pany bought the 5000-kw. units now operating in the 74th Street 
station, and it is only seven years since the Interborough Com- 
pany bought a number of additional similar units now operating 
at 59th Street. These units need not be apologized for. They 
are operating today and have been operating since they started, 
practically without interruption. At the time they were pur- 
chased they were, in my judgment, the only wise thing to install. 
But at present turbo-alternators of the latest design have a steam 
economy better by 4 lb. per kw-hr. than that of the 5000-kw. 
engine-driven machines under conditions of constant load. 
Taking Mr. Insull’s figures for Boston, New York and Chicago, 
I estimate that difference represents something over one million 
tons of coal per annum; in other words, the progress of the art 
within these comparatively few years, not more, say, than eight 
years, is such that the improvement in the prime mover has re- 
sulted in an economy in coal, alone, amounting to 30 per cent of 
the present coal consumption. 

This is a factor which powerfully assists us in ¢arrying out 
centralization. It offers another very good reason why we can 
afford, to a certain extent, and more rapidly as the years go by, 
to set aside the older apparatus in favor of newer and larger units 
and consolidation of these units. 

Benjamin F.Wood: Mr. Insull has indicted the railroad men for 
not purchasing power. I am one of those railroad men. The 
Pennsylvania Railroad has here in New York and in operation a 
power station representing an expenditure of about $4,000,000. 
The total electrical work, exclusive of locomotives, ,epresented an 
expenditure. of about $8,000,000. If we could have purchased 
that power we would have saved investment of that $4,000,000, 
and if it could have been purchased at a rate the same as it 
is being sold in Chicago, we could have paid a dividend on the 
other $4,000,000 of about 6 per cent. We are not the guilty 
party. 

Cary T. Hutchinson: In spite of the interesting curves which 
the author has shown us and his claim of greatly reduced cost of 
energy supply when concentrated, on account of the so-called 
‘diversity ’’ factor, another aspect of the question obtrudes 
itself; that is, the cost of energy to the ultimate consumer. 
Great central stations may be able to supply more cheaply than 
smaller ones, but the final question is, will they do so? As far 
as my experience goes, it indicates that there is no willingness 
on the part of the central stations to sell energy for anything less 
than the maximum price, as determined ultimately by the cost 
to the consumer of getting equivalent energy from some other 
source. 

We have all heard, for years past, of the very low cost of energy 
in Chicago, but, nevertheless, the rates of their power contracts, 
as published, do not indicate that the phenomenally low cost 
benefits the consumer. As is well known, the large railway 
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contracts are at the rate of $15 per kilowatt of maximum and 
about 4 mills per kilowatt-hour, amounting to from 6.5 to 7 mills 
per kilowatt-hour. Prices as low as these ate obtained in Phila- 
delphia, where the cost of coal is nearly twice as great and where 
no claims of great economy have ever been made. 

It seems to me, however, that the argument for large savings 
due to the diversity factor rests upon a pretty slim foundation; 
the difference of from 5 to 15 minutes in the time of the occur- 
rence of the maxima is a narrow margin, particularly when 
variable weather conditions are taken into account. The per 
cent of saving is, as the author points out, small, although the 
absolute amount may be great. Engineers and business men 
should and do base their estimates on percentage variations 
and not on the absolute amounts. Five per cent is just as nar- 
row a margin when it represents five million dollars as when it 
represents five thousand dollars. 

Bion J. Arnold: I happen to know something about the 
conditions of the production of power in the Commonwealth 
Edison station, although Mr. Insull may not think I do, but I do 
know that it is one of the most economical plants in the world 
for the production of electrical energy, and that it is due almost 
entirely to the splendid generalship that Mr. Insull has shown in 

ethe management and his wisdom in taking advantage of the 
services of the fine staff of engineers he has associated with him, 
and through these means he has been enabled to develop a won- 
derful business. 

It is a fact, however, or rather I think the fundamental ques- 
tion as brought out by his magnificent paper is based upon the 
fact. that a company of the magnitude of Mr. Insull’s is able to 
take advantage of the improvements in the state of the art, 
by being able to discard gradually the obsolete machinery and 
gradually introduce more economical methods of production of 
electrical energy than any single small plant can do, and the 
large plant can stand the obsolescence loss, as it were, which the 
smaller plant cannot stand. $ 

The other point is, as Mr. Insull has brought out, that he is able 
to increase the load factor by taking advantage of the diversity 
factor, so clearly shown here in these diagrams, and in that man- 
ner make a given investment take care of a much larger territory 
and a much larger business. Assuming, therefore, that in the 
production of energy he has the same station cost, he can keep 
the capital cost lower, and can therefore sell his current cheaper 
than the smaller producer can produce it. 

I have recently been called into a situation in one of the large 
cities in this country where the power producing company was 
endeavoring to sell power to the street railway company, in the 
city, and the price had to be approved by the city. This munic- 
ipality is one in which the municipal ownership advocates are 
very strong. If I were to name the city, you would know it as 
probably the leading city of that character in this country. 
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Therefore, the fact that the municipality, having absolute author- 
ity to approve the contract, was a party to the negotiations, in 
fact had the vetoing power, ought to make this particular case 
of some weight in this instance. The negotiations proceeded to 
the point where the power company made a proposition on 1ts 
regular basis, embodying a gradually reducing primary charge 
and a reducing secondary charge, depending on the quantity of 
energy consumed, so as to make the proposition acceptable to 
the railroad, and at the same time permitting any customer to 
buy energy at the same rate at which the company offered to sell 
it to the railroad company, provided he purchased the same 
quantity of power. The representatives of the city said, “ Oh, 
we can produce that power for less than that price ’—Mr. 
Hutchinson’s point. It was finally decided to leave the decision 
to some outside party, and the party was called in. In a short 
time he figured out what the railroad company could produce the 
power for, installing a new station, up-to-date machinery to be 
purchased, and installed according to the most modern methods. 
These figures were determined and discussed in conjunction 
with the engineers of the power producing company, the engi- 
neers of the city, and the engineers of the railway company. 
The result was that the average figure submitted by the power 
producing company, the company that had the energy to sell 
was accepted and embodied in the contract as being lower thar” 
the figure at which the railway company could afford to produce 
the power itself. The price was ? ct. per kw-hr., delivered to 
the substation of the railway company, coal $1.80 per ton, taxes 
1.5 per cent per annum, interest 6 per cent, depreciation at 5 
per cent per annum, compounded, which is 3.02 per annum, paid 
monthly. That will amount to the equivalent of 5 per cent per 
annum. The purchaser pays this interest and depreciation 
monthly, and therefore the seller gets the benefit of the use of 
that money by putting it out at interest at 4.5 per cent and gets 
the full face value of the plant at the end of twenty years. The 
thermal efficiency of the plant is satisfactory, being10.5 per cent, 
which is as good as any modern plant can be built for, although 
there is one in New York which shows an efficiency of 12.5 with 
compound reciprocating engines and low-pressure turbines, but 
this is an efficiency that is not attained very often. The investment 
per kw. capacity in the plant, however, must be considerably 
higher than the modern station can be installed for, so that its gain 
in thermal efficiency is probably offset by higher fixed charges. 
Take the stations installed several years ago. Their thermal 
efficiency ran from 7.5 to 8.5 per cent. The modern stations run 
from 9 to 12.5, mostly running between 10 and 114 per cent. 
That is about as good as we can do when we start out today to 
design a plant and turn out energy for the purpose of running our 
railroads, especially in sizes of 10,000-kw. capacity. If we can 
go to 15,000, 20,000, 25,000, or 30,000 kw., we can bring the cost 
per kilowatt-hour down somewhat, not because the thermal 
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efficiency increases so greatly, but because the labor and capital 
costs decrease somewhat. The thermal efficiency of the plant, 
after you pass 10,000-kw. units, remains practically constant. 
The cost per kw., that is, the fixed charge, might go down some- 
what, because you coild buy the larger unit for less cost per 
kilowatt capacity, so that you get a slight reduction in the fixed 
charge and a slight reduction in the labor cost, but the thermal 
efficiency remains practically constant, consequently there is 
not much chance for reduction of cost there. 

Therefore the central station, built and operated as it is, with 
skilled managers, skilled engineers in every sense, and having an 
enormous investment, is able to take advantage of all these con- 
ditions and to keep increasing its investment by installing 
large units, but at small cost per kilowatt capacity, and thus 
keep its fixed charges down to a point below the point a private 
plant can reach. That is the reason why the large stations can 
sell energy cheaper than we can make it in small plants. 

Mr. Insull referred to one situation in New York, viz., the 
New York Central, in which, he said, the engineers did not 
know that they ought to buy energy and the sellers did not know 
they ought to sell; all of which is largely true. It is a fact, 
however, that at the time those plants were installed, some 
eight or nine years ago, the thermal efficiency of plants was about 
7 to 8 per cent, and at that time Mr. Insull was running turbo- 
generators, some of the first in the country, on some 24 lb. of 
water per kw-hr. He has advisedly discarded these generators 
since, putting in machines that are running on, say, 12.5 lb. of 
water per kw-hr. Those of us who built the stations at that time 
could not do as well as this, although we did buy machines at that 
time, which we installed, which produced a kw-hr.on 14 1b. ofsteam, 
and the next station we installed is doing it on 12 lb. of steam, 
so that we did not do as badly as some might think. We may 
have made some errors at that time, but the main things pointed 
out now as errors were not errors. They were decisions that had 
to be made due to the conditions which existed at that time. The 
central station was not in position to sell energy at that time as 
cheaply as it can sell it today. Therefore, we could not secure a 
price which would warrant us in buying the energy, hence we 
had to build plants. We did build the plants, and fairly econom- 
ical plants, and one of those plants which is in existence today 
is the most economical railway plant in this part of the country, 
running on about 40 per cent load factor, so we were not very 
far behind Mr. Insull in that particular plant at that time. 

Samuel Insull: Are those the same machines we scrapped? 

Bion J. Arnold: No, you scrapped 24-lb. machines and we 
put in 14-lb. machines. 

Samuel Insull: We scrapped a 174-lb. machine as well, made 
later than the machine to which you refer, and for which we 
paid a premium. I understood this machine was the same as 


you installed. 
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Bion J. Arnold: I want only to make this brief conclusion: 
I think Mr. Insull presented a splendid paper, and I am in 
sympathy with the policies he is advocating. In my capacity 
as chairman of the Board of Supervising Engineers, Chicago 
Traction, I approved the contracts the Commonwealth Edison 
Company made with the railroad companies in Chicago, and 
approved them because I knew we were buying energy as cheaply 
as we could make it. My advice to clients for some time has 
been, ‘‘ Whenever you can buy current as cheaply as you can 
make it, buy it, and get rid of the worry of producing it; if 
you cannot buy it more cheaply than you can make it, then get 
ready to make it, and the man who has it to sell in large quan- 
tities will then come round and show you that he can sell it to 
you more cheaply than you can make it.” 

Frank J. Sprague: We are face to face with two important 
facts which are not altered by any minor discussion as to individ- 
ual cases. First: That throughout the length and breadth of our 
country we are facing a continually increasing demand for power 
—increasing for two reasons, first, because of the inevitable 
increase of population, and second, because of the increasing 
uses for power. There is also the somewhat appalling fact, if we 
take account of the future, instead of being satisfied, as English 
directors of railways are, to let posterity take care of itself, a 
decreasing supply of fuel within the limits of our present 
ken. What does it mean? That we as engineers, not, perhaps, 
so urgently for the present, but for the future of those 
to come after us, must seek every opportunity to conserve our 
available power, now burdened with uneconomical production, 
and avoid the wasteful use of that power. 

Mr. Insull has helped to blaze the way by the work which he 
has done in the Commonwealth Edison Company, in increasing 
the efficiency of power production and the variety of uses; and 
I look forward to the time when, in place of the thousand and 
one small isolated plants for different purposes, this country 
will be covered by great interconnected central stations, not 
individually magnified to an undue limit, but of such size as 
working efficiencies may demand. 

If one should, on a cold day, in the city of New York, go to 
one of the upper levels of one of our great office buildings, and 
look northward, he will see countless steam jets in the air, every 
one coming from a non-condensing isolated plant, operating 
either electric lights or elevators or machinery of various kinds. 
Suppose, for a moment, we could blot New York out of existence 
and recreate it tomorrow, would there be one of these isolated 
plants in existence? Would we have the diversity and irregular- 
ity of production we have today? Certainly not. New York 
would be planned so that not only its light but its power, and 
a large proportion or perhaps all of its heating (and, mark you, 
heating is one of the greatest futures in the electrical field), 
would be supplied from a few great central stations. 
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It was only a short time ago that New York was on the verge 
of a water famine, and our Commissioner of Water Supply, Gas 
and Electricity informed us that the consumption of water 
was 125 gal. per day per capita. I wonder where the 125 gal. 
per capita went to. When I think of the great population of 
New York that goes out of it in the summer time, and the pro- 
portion whose use of water is restricted, I could not find that there 
was an average of 40 gal. per capita per day used in the neces- 
sary domestic requirements in the City of New York. That 
left something like 85 gal. per capita to be accounted for. Part 
of it goes to waste in leaks, but a great part of it goes into the 
sewers of New York, because the power plants of the city, other 
than its great central stations, are run as non-condensing plants. 
With these eliminated I imagine our per capita use in the City 
of New York would not be more than 75 gal. 

I commend that proposition to some of the members of the 
Institute as a suitable subject of study and investigation. 

Mr. Insull has raised the question of the lack of foresight 
of the New York Central in not arranging to buy the necessary 
power. Wecould not buy power at the time we arranged for the 
New York Central stations under any admissible conditions. 
But I desire to acknowledge the very great debt which we owe 
Mr. Insull, because when the committee of engineers represent- 
ing the New York Central Railway went to Chicago, the first 
thing they did was to go to the power plant of the Common- 
wealth Edison Company, where the first 5000-kw. machines 
were being installed, and were not then, I may say, fairly in 
running condition. As I stepped upon the platform of one of 
these turbines I turned to my associates and said, “I care 
not what difficulties stand in the way, or what may happen here 
at this plant, the day of the reciprocating engine in the electric 
field where steam is to be used is past, the day of the turbine 
has come.’ The decision of the New York Central to adopt 
turbines was made at that time. 

Charles P. Steinmetz: I wish to refer to something which 
has not been mentioned in this discussion, and mentioned in the 
paper only by implication in the introduction, although, I believe 
it is an important factor in the success of these big central 
stations. It is an additional diversity factor beyond that which 
Mr. Insull has mentioned, and that is the diversity factor of 
the engineering staff. A system as large as that in Chicago can 
afford to have in its employ high-priced engineers of the highest 
theoretical knowledge and practical experience and general 
ability, far beyond that which any one of the smaller compon- 
ent plants could have, and that, necessarily, must give the big 
system an advantage which none of the smaller ones could 
possibly enjoy. That is a diversity factor which is not ap- 
proaching constancy with increasing size of the system. The 
thermodynamic efficiency may appfoach constancy, the diver- 
sity factor of load may approach constancy, but the diversity 
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factor of engineering staff does not approach constancy, but 
remains of the same value, no matter how large the system grows 


to be, and that is an advantage which the smaller systems 


cannot hope to vie with as against the big system. 

Bion J. Arnold: One point should be added to Mr. Insull’s 
plan, over and above all the technical propositions which have 
been pointed out. There is a broader question; which Mr. 
Insull foresaw before any other man I know of. I think we will 
all credit him with it. That is, he foresaw that the public ser- 
vice business is a natural monopoly. He reasoned thus: ‘I 
am entitled to a monopoly. I am willing to invesc, for any 
monopoly, a reasonable total sum, but I want that investment 
protected. Protect my investment to the extent of six or seven 
per cent, or any other return which may be considered reasonable, 
and I will keep furnishing power and keep cutting down the 
cost of power to the point that will bring that return.”’ Thatisthe 
broad policy which has won the great success of the Common- 
wealth Edison Company in Chicago, combined with the great 
engineering talent of which Dr. Steinmetz speaks. 

Samuel Insull: I think Mr. Stillwell asked me whether I 
would be inclined to operate a unit fifty miles from the base of 
supply in northern Illinois—I don’t think it is possible to find a 
place where that would be necessary, although I have not had 
the experience to be able to state whether it would be a safe 
thing to do or not. I would have to refer Mr. Stillwell to some 
of the people more familiar with long distance power trans- 
mission than I am. I do not understand Mr. Stillwell’s refer- 
ence to large central stations. a 

Lewis B. Stillwell: What I meant to point out is this. As 
shown by your curves, the advantages accruing from the diver- 
sity factor, in consolidating plants with reference to their 
supply, decreases as the size of the plants which are aggregated 
increases. In combining 10-lamp loads you have a high diver- 
sity factor. When you get to dealing with large plants, and 
undertake to realize an economy by reason of putting together 
two 50,000-h.p. plants, for example, you do not get a great deal 
of advantage from the diversity factor under ordinary conditions. 
I think your curves bear that out. 

I would ask you again the question that I endeavored to make 
clear in regard to this supplying of power at a distance. You are 
in a position to look at the matter from both sides of the question. 
The very practical question that presents itself many times to 
us, in the present state of the art, and the art is not young, is 
this—Is it wise to endeavor to supply all the lighting of a city, 
a city of 100,000 people, from a transmission line 50 miles long, 
or should we let the lighting alone and let that be taken care 
of locally? 

_Samuel Insull: Ido not know that I can answer that ques- 
tion, because I have not had the experience necessary to enable 
me to answer it, 
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Lewis B. Stillwell: I understand you are contemplating 
doing what I have endeavored to describe. 

Samuel Insull: No, I do not think there is any place in 
northern Illinois where we would be more than 20 miles from the 
source of supply. It does, however, happen that we are sup- 
plying a number of consumers 30 to 40 miles from the base of 
supply, temporarily, and it happened last summer that we 
brought coal from che coal mines up to Chicago and turned the 
coal into energy, and sent the energy down to the coal mines 
to help raise coal out of the mines. But those are isolated 
instances. 

Lewis B. Stillwell: That is not the same point at all. 

Samuel Insull: I really do not know. I understand it is 
being done on the Pacific coast. Personally I have had no 
experience in the matter. I think probably I would be in- 
clined to try it, keeping my local plant as a reserve, possibly 
using it a part of the time, so as to save the expense of banked 
fires, and get a portion of my energy from outside. I would 
creep before I walked, I think. After I got confidence, later on, 
in the traasmission line, I might finally dismantle the plant. 

I stated in my opening remarks that the percentage of saving 
was low, but that that low percentage amounted to a very large 
sum of money. I simply picked out that illustration of diversity 
of the block of apartment buildings because it occurred to me 
that possibly there might be some gentlemen here who really 
did not understand what was meant by diversity factor. I am 
not a trained engineer, and it took me quite a long time to learn 
what it meant, and I thought there might be some here who did 
not understand it and would not care to confess it, and I thought 
I would show them the best and plainest example that I had. 

I was dealing with the matter on a broad basis. Probably 
outside of the very large traction companies in Chicago, I am 
one of the largest purchasers of power in this country. _ 

There is no steam plant I have been able to discover where 
people pay commercial prices for fuel where they can produce 
current at 2.5 mills. I cannot do it. If there is any engineer, 
a member of the Institute, who can design such plants, unless 
some one has a longer purse than the company I represent, I 
shall be glad to retain him. 

In dealing with the situation I have naturally had to refer to 
New York. It is the subject uppermost in your minds. So I 
took New York as the basis of my figuring and backed it up by 
the results we have obtained in Chicago. But it matters not 
to me who is the owner of the generating plant and the primary 
transmission system. I do not care whether it is the local light- 
ing company, whether it is the local railway company, or 
whether it is the steam railway company, the principle is the 
thing I am contending for. I am contending against economic 
waste. When I speak of “‘ purchased power ” I simply use that 
term because that is the term that has come to be used in the 
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industry as designating the difference between making your 
own power and buying it from some one else. I say again that 
I think it would be a great misfortune if, as the result of this 
meeting, or as the result of the agitation that is going on through- 
out the industry on this subject, some move is not made with 
reference to concentration of manufacturing and primary dis- 
tribution. I think one is almost as important as the other. — 

There are some other serious questions of an engineering 
character to be decided within the next year or two on this 
subject. I do not know at this time what the limit of size 
of unit is that will add to the efficiency, or the limit to which 
we can go in the increase in efficiency of the unit. I have not 
been able to find out myself. I have consulted the best experts 
I can find on both sides of the ocean. The question of size of 
unit comes in very much in this question of concentration of 
production of energy. I do not think we have by any means 
reached the economical limits of the cost of production. I do 
not think it will be possible for any ordinary public service 
company, by itself, doing just its own business, to take advantage 
of the economical limit when we do reach it. I think it can 
only be done by an aggregation of production. 

There are a good many things we can learn to advantage from 
our neighbors. I have been for a good many years in the habit 
of sending my engineers to Europe to see what they can find out. 
If you meet them on the train between New York and Chicago 
when they are returning, they will tell you that they are behind 
the times over there, and that we cannot find out anything 
from them which would be an improvement on our methods, 
but when we get the written reports of these experts we find that 
we get full value for the expenses of the trip. I do not know of 
any case on the other side where steam railroad electrification 
on any considerable scale has started and the railroad companies 
have built their own generating stations. They go a great deal 
closer into the economics of things than we do in this country. 
We make money more easily here, we have greater markets. 
We can take a lesson from their experience. I make one sug- 
gestion to the Railway Committee—Take the remarkable situa- 
tion you have here on the Atlantic seaboard, with the greatest 
density of population in the small amount of territory between 
Philadelphia and Boston. Take Philadelphia, New York and 
Boston, stretching out as three fans, with places like the Con- 
necticut manufacturing towns, and go along the Boston & Albany 
road to Albany, and then cross New Jersey, through Pennsyl- 
vania to the south of Philadelphia. Figure out the money that 
can be saved by putting all the generation and primary distri- 
bution of power in that territory under one ownership. I do not 
care who owns it, whether it is the railway company, or the 
lighting company, or the traction company, but I venture to say 
that the amount of money you would save would not only be 
sufficient to build the transmission lines and the generating 
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stations of steam railroads in that territory, but, I think, would 
go a long way towards equipping the railroads themselves. 

Hans Lippelt (communicated after adjournment): No doubt 
most of those who have read Mr. Insull’s paper have appre- 
ciated the valuable evidence and facts brought out. The first 
impression produced is certainly favorable towards Mr. Insull’s 
proposition of unification of power stations. After all, it has 
occurred to me to question if an increase in efficiency and savings, 
by the means proposed, is really wanted. You may think that 
this question is absurd, because any saving of money is usually 
welcome at any time. I believe, however, that in this case the 
savings are to be paid for at too high a price. 

Consider first the reliability. If for greater New York all the 
electric stations for light, heat and power and for railroads, 
etc., were united into one and a boiler would explode, be it by 
carelessness or bad will, who would guarantee that the fragments 
of the boiler would spare the vital parts of the power station? 
There have been cases where, through a much smaller break- 
down than a boiler explosion, enormous damage to the power 
house was entailed. If, for instance, the switchboards were 
destroyed, the whole big district connected to it would be 
without further supply of electricity. What would then be the 
consequences? Can you conceive all of them? 

In case of a general strike, similar to the recent coal strike, 
or in case of war, would the big power house not be a great temp- 
tation for some aggressive people? Of course you do not expect 
a war here, so you may consider, if you like, your power house 
safe from such troubles. But for how many years can you guar- 
antee such safety for your supply of light, heat and power, and 
for your railroads? May the railroads not be put out of business 
just when they are most urgently needed? 

Moreover, I believe that with the realization of Mr. Insull’s 
proposed scheme a legal reaction would set in, based upon the 
Sherman law. How would you be able to show that there is 
no ‘‘ unreasonable restraint,” in order to evade prosecution? 
Would not the trend of unification tend toward “ restraint of 
trade ”’ in electricity? 

When I saw the slides, showing the present power stations, 
disappear and the others, showing the unified systems and com- 
mon power stations, appear in their places, 1 felt that with all 
these power stations there had been wiped out many positions 
and opportunities for people who are compelled to offer their 
abilities and skill for just such opportunities to make their living. 
The vast scheme would not only affect the oilers of the machines, 
but all grades of employees from the oilers up to the clerks, 
_ engineers, managers, etc., would be affected. Would those who 
were told to go, praise the scheme as a wonderful stride forward 
in civilization? Would they? 

It was remarked in the discussion that the great managing 
company could afford to engage “ the best engineer,” pay him a 
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good salary and have him devise the best methods and means. 
What is to become of the other engineers of reputation in this 
line of business? Is their talent to be wasted? The market for 
it will then be quiet and the choice small. With only com- 
paratively few power stations in the country, where is the next 
best engineer, where are others, going to get their experience? 
Are you sure that the ablest one will get his opportunity to devel- 
op his capacities? Would the few men higher up always favor 
applicants on the basis of merit and thus insure the expected high 
standard of efficiency? 

If unification of power houses is so economical, why then shall 
we not go a step further and wipe out not only the individual 
power stations, but the Pennsylvania, the New York Central, 
the Lackawanna and other railroads and make them all one? 
According to Mr. Insull’s theory and, as stated in the discussion, 
according to approved practical experience, the savings must 
amount to many millions of dollars. Yes, and to go beyond the 
limits of this horizon, why not save money by making the 
states of the United States one big state? Would you feel safe 
and justified in advocating such schemes, standing just on Mr. 
Insull’s theory, or would you need a broader ground to stand on? 
Would you not discover new factors entering into the proposition 
and limiting the great hopes for a wonderful result, which should 
benefit all the people of this free country? It seems to me that 
the speaker himself had a premonition of the dangers slumbering 
in his scheme, when he spoke of the ‘‘ courage ” that would be 
required to realize such a vast thing. It will certainly be inter- 
esting to see when the first steps in this direction will be taken, 
and how many of them. 


Discussion AT Boston, Mass., JUNE 26 AND 27, 1912 


Frank J. Sprague: It has been said that the Railway Com- 
mittee has been somewhat inactive during the past year. I 
have purposely held it in that position. It seemed to me, in 
the beginning of the year, that we were in a state of development 
in respect to the three systems of railway operation, the poly- 
phase, the single-phase and the direct-current, and that with 
regard to each of them there was a good deal to learn, and 
each had a good deal to demonstrate. Extensions along the 
lines of each of these systems were contemplated at that time 
which might make it possible for us to make comparisons which 
heretofore had been impossible. It seemed to me wise during 
the year to suppress a good deal of the discussion that had taken 
place as to “systems,” that little was gained by its present 
continuance, but, that if we proceeded to determine the actual 
facts of performance as illustrated by those systems which were 
then in operation we would lay a basis for future progress which 
would be more reliable than anything else we could do at that 
time. It seemed to me that one of the first things to do in 
getting information was to secure the facts as to the cost of 
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power at the central stations; and in casting about to get 
authoritative statements on this subject, I found there were 
two sources. One was specifically a railroad source, or com- 
bination of railroad sources, the operation of the plants at 
Port Morris, Cos Cob, Westville, Marion, Jersey City and 
Long Island City, each of which was doing little else than sup- 
plying current for railway purposes. The other, of course, was 
the central station operation of the country as typified in 
Boston, New York and Chicago, perhaps to the greatest extent 
in Chicago, because there not only does the central station 
company have, in addition to the lighting load, a diversified 
supply of power to all sorts of industries, but also a very large 
railway load. So I appealed to Mr. Insull to prepare a paper on 
the question of the generation of power for electrical purposes, 
which he kindly consented to do, and also to supplement his 
paper by statistics relating to the railway conditions in Chicago, 
which are important. 

Although the Railway Committee, as such, has been to a 
certain extent idle—its visible work is typified in Mr. Insull’s 
paper—it has not been idle, through its chairman, in other 
directions. I have been charged with being an ardent advocate 
of this or that system, in a somewhat competitive way. I have 
stated sometimes that I was an agnostic, and I have hoped that 
there was some other means of arriving at results than by the 
somewhat accentuated discussions which we have sometimes had. 
So I have been centering my energies for the past six months on 
trying to bring about something of an entente cordiale between 
certain railway companies and the larger manufacturing com- 
panies, by which they would agree to take up some great railway 
problem, and present it to some acceptable technical commis- 
sion whose members should be persona grata not only to each 
other but to the manufacturing companies and the railway 
companies. If the problem included terminal work, freight 
haulage, and suburban and through passenger operation, and 
extended over sufficient territory to embrace all kinds of railway 
contingencies, probably these men could divest themselves of 
any past prejudices which they may have had, and recognizing 
that both single-phase, polyphase, and direct-current applica- 
tions have now reached nearly their normal limits of develop- 
ment, so far as motors and transmission and all those matters 
are concerned, could arrive, perhaps, at sound conclusions as to 
the future of electric railway operation. 

It is my opinion that this proposal has somewhat advanced, 
and I believe that if any competent body of fair-minded men will 
divest themselves of their other activities, and confine themselves 
for some time to the consideration of a specific problem, they 
must arrive at one of two conclusions: first, that there is a 
definite trend of development in certain directions, or second, 
that the applications of electricity are so varied and its possi- 
bilities so catholic that while we are not confined to any one 
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system there are certain things which may and ought to be 
standardized. 

I believe that such a body of men with all the facts before 
them would come to a common conclusion, no matter how 
much they differed in the past. I do not predict, at the present 
time, what that conclusion would be. The principle of the 
survival of the fittest will apply to the electric railway systems 
as to everything else. 

When I took up Mr. Insull’s paper I was very much impressed 
by two statements which I will quote. One of them begins on 
the third page of the paper: ‘‘ The conclusion that I have come 
to is that the concentration of the production of energy, for all 
purposes required in a given area about any large center of 
population, would result in such a saving in capital, and such a 
saving in operating expenses, as to provide sufficiently for the 
generating capacity and primary transmission systems neces- 
sary to electrify the terminal systems and suburban service of 
all the trunk lines centering in and around that center of popula- 
tion (particularly is this true of New York), and such a saving 
as to yield very large profits, in addition, to the engineers and 
financiers having the courage to handle so great a problem.” 

The other statement is found on the first page, where Mr. 
Insull says: ‘‘ Nor am I going to discuss what might be termed 
the technique of the electrification of steam railroads; that is, 
the special system that should be used, whether it should be 
done with one class of current or another, or one pressure or 
another. The system finally decided upon must be the one which 
fills conditions of railroad operation, and at the same time 
renders it possible for the railroad company to take advantage 
of the sources of energy supply already existing, as the railroad 
demand is only about 15 to 20 per cent of the total demand for 
energy in any community.” 

In Chicago there has been for a long time a popular movement 
for the electrification of the steam railway terminals. That 
movement was initiated very largely because of the smoke 
conditions which blanket that city close to three hundred and 
sixty-five days in a year. With some thirty-two railroads enter- 
ing Chicago, and with a very diversified freight and passenger 
service, it goes without saying that if these several railroads 
should proceed independently, and each settle upon some 
independent system of electric application for its service, there 
would not only be an intolerable condition of confusion in the 
end, but there would be such a sacrifice of initial capital invested 
as to make electrification burdensome and impracticable. 
Until the investigation was made by the authors of the appendix 
to Mr. Insull’s paper, the amount of power which would be re- 
quired in the electrification of these railroads was practically 
unknown, but as we note the amount which is required, 
as set forth in the paper, we see that the average is exceedingly 
small, when we consider the size of the generating units used 
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today in our modern power houses. For example, we find here 
a record that the individual average load in kilowatts for freight 
service, in October, 1911, varies on these thirty-two railroads 
from a minimum of 100 kw. up to a maximum of less than 
8000 kw.; also that the average maxima of all these loads in 
that particular month was only 72,000 kw., which is only the 
capacity of three or four modern generators. Mr. Insull pointed 
out the possibility of supplying power to these railroads. For 
that supply an individual power house to each road is simply 
out of the question, it cannot be considered. Group supply, 
that is, power houses which are intended to supply all the 
demands within a certain area, is the next step, and offers a 
gain in first cost and economy of operation. Centralized 
supply, centralizing not only power but transmission lines and 
diversity loads, offers so. great an economy, not only of 
initial investment but in operating expenses, that it does not 
seem to me that there is any possible question but that the future 
must see that solution in Chicago. 

I suppose the majority of those who read this have not seen 
the first report of the commission which now exists in that city. 
Sometime ago the railroads in the vicinity of Chicago, co- 
operating with the Association of Commerce, appointed a com- 
mission whose province it was to study the abatement of the 
smoke nuisance in Chicago and the possible electrification of 
the railroads. An elaborate organization was created, and the 
first product of the work of the commission, after a year’s activ- 
ity, is confined to the investigation of the smoke nuisance, how 
existing smoke conditions can be combatted and overcome. 
Electrification of the steam railways, so far as that report is 
concerned, seems a long way off. 

How is that prospective delay to be overcome? By appeals to 
the prejudices of the railroads, or to those of the manufacturing 
companies—especially in view of the differences between the 
engineers? Surely not. It is my belief, however, that there is 
an effective procedure—that there can be created, between the 
railroad companies and the manufacturing organizations, an 
independent financial organization which, after due investiga- 
tion of railways where electrification may be seriously considered, 
is prepared to go to these railways and say: ‘‘ Gentlemen, you 
may not believe in electrification, and you may not care to take 
the necessary capital risk, or divert your capital from your other 
undertakings, and you may not be fully convinced of the finan- 
cial returns which will come from electrification, concerning 
which others are more confident than you are. We are prepared 
to enter into a contract with you to operate your railway on the 
basis of supplying power for a period of years at a reasonable 
rate. We will also, if you desire, make a contract to supply on a 
basis of usage the rolling stock and equipment for your railway, 
leaving you to provide a right-of-way along your track for such 
transmission lines as may be necessary, and only such capital 


300 CENTRAL STATION GENERATION [June 26 


investment as is required for the working conductors, or the 
possible provision of substations along the right-of-way if such 
be needed, thus limiting the capital risk of the railroad to about 
one-third of what would be required for individual operation.” 
I am frank to say that that possibility is in the future, and it 
looks as if such a thing may come about. 

Referring for a moment to the cost of power, I notice that 
Mr. Insull criticizes the New York Central and Hudson River 
Railroad management, and inferentially its engineers, for having 
installed power houses. We did not have Mr. Insull and his 
company to deal with in New York. We were face to face with 
the necessity of putting in a power supply which could not break 
down, or if it did break down we should have another one to fall 
back upon. Positive insurance of operation and ample supply 
of power were primary necessities, no matter what the cost, so 
long as electrification was to be undertaken, as it had to be under 
the law. The result was that two great power plants were in- 
stalled for the New York Central and Hudson River Railroad, one 
at Port Morris and the other at Yonkers. The station at Port 
Morris is pretty well loaded, and had the project of electrification 
proceeded as fast and as far as originally laid out the Yonkers 
plant would be likewise loaded at the present time. But we did 
try to increase our load by offering to our friends a supply of 
power, provided the supply of power would be in accord with our 
own belief as to what was right and proper. That did not 
materialize, and the result was that the New York, New Haven 
and Hartford Railway built its own power plant. We had to 
build our own power stations because we could not get a proposi- 
tion from anybody to supply power at a reasonable rate. 

The output of the Port Morris, Long Island City, West- 
ville, Jersey City, Marion and Cos Cob power stations varies 
roughly from 21 million kw. in 1910, in the case of the 
Jersey City station, to 159 million kw. in 1911 in the Marion 
station; and the power costs, according to the curves of the 
principal stations, run along at a very fair average. For the 
year 1911 the average cost of power at five of these stations was 
about 0.51 cent per kw-hr. at the station switchboard, 
excluding fixed charges, etc. The lowest average seems to have 
been at the Marion station, 0.45 cent per kw-hr. Those familiar 
with the cost of power at the Commonwealth Edison Company’s 
plant, and even taking into account the difference in the cost of 
coal, an advantage which they have, will find that the average 
of 0.51 cent per kw-hr. is higher than is achieved at. the larger 
station with large units, with a very diversified use. The 
Cos Cob station, for reasons which I have not yet been able to 
determine, runs from 45 to 60 per cent higher in power cost than 
the average of the other five, and varies considerably. That 
is a single-phase operating plant, but I do not know how much 
that has to do with such a variation between that and other 
stations. 


1912} DISCUSSION AT BOSTON 301 


We have here the statistical facts, but I do not wish to make 
any prediction, or come to any present conclusions as to this 
difference of 45 to 60 per cent between the average of five stations 
and that of another station. The character of the load may have 
something to do with it. The Cos Cob station ran only something 
like 27,000,000 kw. for the past eleven months, and if that is 
the reason, it illustrates the attitude which I have taken all 
along, that since there was an opportunity to buy power from 
an existing station at the time that Cos Cob station was erected, 
probably, so far as operation at the present time is concerned, 
it would have been more economical to have bought the power 
than to have erected and operated this central station. 

H. G. Stott: I have read this paper with great interest and 
I have been trying to discover the hypotheses from which Mr. 
Insull draws his conclusions. As far as I can discover, his con- 
clusions are based-on the results obtained in Chicago. These 
results, it must be remembered, were obtained, not by combin- 
ing first-class plants, but by combining in one or two plants 
the output from a number of practically broken-down plants. 
which were just about ripe at that time for reconstruction. 

To begin with, the railroads in Chicago were operating plants 
which were of antique design (several of them non-condensing) 
and had been allowed to run down, and necessarily operating 
costs were quite high, whereas the Commonwealth Edison Com- 
pany had just concluded installing the most efficient apparatus 
that could be found on the market. It therefore had all the 
advantages of a modern plant as compared with an old plant. 
This, in itself, would probably give an advantage of from 30 
to 60 per cent in operating costs. 

Referring to Fig. 15 in his paper, the author says ‘‘ This 
diagram shows you the result we have been able to obtain.” 
The diagram does not show costs; it merely shows the difference 
in what might properly be called the load factor, which shows 
that they have succeeded in filling up a gap in the load. I have 
for a long time been trying to discover the relationship between 
load factor and cost. As the first approximation to a law govern- 
ing it—an empirical relation—I find it varies inversely as the 
fourth root of the load factor. That means, as shown, for 
example, in Table III, where a comparison is given of the average 
of the load factors as 51 per cent, but where, combined on one 
génerating system, the total load factor would be 56.2 per cent, 
that if you use this rule of the inverse fourth root the saving in 
operation should amount to about 2.5 per cent. This, when 
applied to the data for the total annual load in the district 
covered by Mr. Insull’s paper, which covers New York and the 
neighboring district of New Jersey, shows that the output is 
practically 2,000,000,000 kw-hr. per annum. Applying this 
figure to that output, we get a saving of $250,000 per annum, as 
against $1,000,000 in the paper, assuming a cost of 0.5 cent per 
kw-hr. 
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From this brief analysis, I have concluded that Mr. Insull 
must have assumed that the results obtained by any combination 
of plants would be the same as obtained in Chicago, irrespective 
of the condition of the plants, and on this point I take issue with 
him. You come to a point where the size of the unit used no 
longer affects this economy appreciably. For example, in a 
10,000-kw. turbine unit, using high-speed modern machines, you 
get almost as good economy as you can in one double the size. 
When you reach a point where you are using that size of unit, 
very little is gained by increasing the size of the station. You 
make a slight gain by reducing what might be called superintend- 
ence or overhead expenses on that plant, but that is trivial and, 
being spread over the output, ought to have very little effect 
upon it. I have come to the conclusion that there is practically 
nothing to be gained unless you can change your load factor 
very perceptibly. When you get beyond a- 50,000-kw. plant 
there is very little to be gained from an increase in size alone. 

The diversity factor in railroad work, as we notice from the 
paper, is practically nil. Peaks, as shown by the load curves 
of the periods, are almost exactly coincident throughout the 
year. No matter how many plants you combine in one, the total 
installed capacity must be thé same. Mr. Insull mentions that 
with independent plants for each road he would call for a reserve 
capacity of 50 per cent, whereas with the single combined plant 
he only calls for reserve of 25 per cent. I would like to ask him 
if he follows the same rule, and where any one actually carries 
25 per cent reserve in a plant? With modern apparatus, 15 per 
cent reserve is, perhaps, all that is necessary. One unit is con- 
sidered ample when combined with the overload capacity of the 
other machines. 

Another point on which I wish to take issue with him is the 
statement in regard to the saving on the distribution system. 
No matter how many plants you have, considering the question 
broadly, the cross-section of the copper required to carry the 
load is practically the same whether the combination is made up 
of two plants or forty plants. Each distinct plant will require 
a certain cross-section of copper, irrespective of the fact that it 
is in combination with others. I am speaking of the total cross- ° 
section, not the total length of cables. The saving in distri- 
bution in conductors which Mr. Insull has shown is not a factor 
of consolidation of plants; it is a factor of distribution of plants 
at better feeding points. For example, if we take the various 
plants, some fifteen or sixteen, around New York, and one came 
to an agreement with the other and said, ‘‘ We will feed all 
substations or networks within two miles (3.2 km.) of our station, 
and we will agree to interchange power on that basis,’ you 
would obtain in that way all the saving it is possible to make 
in the use of copper, without combining them in one mammoth 
plant. In a mammoth plant the total amount of copper required 
would be enormously greater than in several smaller plants, 
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~ The old problem of finding the center of distribution for a 
given load is a familiar one, and it shows that the plant should 
be put in the center of distribution to effect the maximum econ- 
omy incopper. The cross-section is practically the same, where’ 
you have one or more, except that if you have one large station, 
you will require a larger cross-section due to the increase in 
drop, on account of the longer feed. 

I am sorry, also, that Mr. Insull has not told us, or given ap- 
proximate figures, even percentages, if he did not care to disclose 
actual figures, of the financial result of this diversified load factor 
which is obtained by combining the plants. The question im- 
mediately comes up: Suppose a plant gives six mills per kw-hr. 
as the operating cost, and we are able to erect one which will 
operate on four mills per kw-hr. or less, and sell power to the 
other plant, is not the man who now has a plant obliged to 
amortize his investment in some way? For that investment 
stands on the books and represents collateral value for the 
bonds which have been issued for the construction of the whole 
road or system. If we write off that capital immediately, as we 
do when we shut down the plant, and virtually turn it into 
scrap, at ten per cent, probably, of the original cost—you are 
very lucky if you get that—should not the customer, who writes 
off that capital, share in the profits which he has enabled the 
manufacturer of power to make? Therefore, the profits appar- 
ently should be divided. That is a point of view which I have 
had brought out very forcibly in connection with some of our 
companies, that you cannot turn around and say, merely because 
you can supply power to such a company, perhaps, at 25 per 
cent less than the cost to them of making it, that therefore they 
should throw out their plant, because, obviously, they have 
nothing left to show as collateral for the bonds that that plant 
represents. The profits must be divided on an equitable basis 
between the company which makes the power and the company 
which buys the power. 

In conclusion, it would seem to the speaker that the ideal 
solution of the power question is for each company to retain 
its own plant, thereby preserving its equity, and let an agree- 
ment be made by which each plant will supply all power within 
its own zone of economical distribution. 

It is, of course, assumed that the plants will be modernized 
and kept up to the highest point of efficiency, for if the common 
exchange price per kw-hr. is put low enough by agreement, then 
each company will be forced to make its power as economically 
as possible. 

William McClellan: It is well known that railroads may be 
divided into classes from the standpoint of electrification. 
Some roads will probably not be electrified until conditions 
very greatly change. For another class of roads a large amount 
of study would be required to determine definitely whether 
they ought to be electrified. There is a third class of roads which 
ought to be electrified at once if their managers could do so. 
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The first class of roads will have to wait for consideration until” 
conditions change or until they perhaps become a part of a larger 
system and are electrified as a matter of general system economy. 
As to the doubtful class of roads, there is no question that a 
larger and larger proportion of the doubtful roads can be electrified 
when our costs are reduced. By costs here we mean not only the 
direct costs of operation but also the cost of investment as re- 
flected in the interest and depreciation charges. There is no ques- 
tion that if the financial test were applied at present the answer 
in many cases would be negative. 

But where can this cost be reduced? Certainly we cannot 
expect electric locomotive costs to be much reduced. ‘True, 
they have been higher than they will be in the future, especially 
when prices are standardized and larger quantities are manu- 
factured. It must be conceded, however, that there will be no 
great saving in this item. 

The third-rail system has been standard, more or less, for 
a number of years and its costs are now down practically to rock 
bottom. There can be no saving here. 

The overhead high-voltage catenary system at first was very 
expensive, but no one making an examination of what the New 
Haven road proposes to install now could possibly call it expen- 
sive in first cost or expensive to maintain. It may be safely 
claimed that no great reduction can be expected in this part. 

I am not unmindful of the great saving brought about by 
electrification through the increased use of both track and equip- 
ment. It is not necessary, however, to discuss this here. 

Where, then, shall a reduction in cost be looked for? If the 
above statements be true, decreased cost can only be brought 
about by increased efficiency. It is not surprising, therefore, 
that combinations are proposed with the idea of obtaining this 
desired increase in efficiency. For a number of years rights- 
of-way have been combined to make operation as easy and 
convenient as possible. As a consequence the railroads of this 
country make up one great network, all, or practically all, of the 
same gage. 

In a way, there has been a combined use of equipment by 
through trains, but the only great example of this is the Pullman 
system. When we commence to study electrification there 
seems no good reason why there should continue to be the 
diversity of equipment which now obtains in these operations. 
There is no reason why a railroad desiring to undertake electri- 
fication should design its own type of cars, differing only in 
detail from the cars on an adjoining system. A group of rail- 
roads operating in any one general territory could well agree to 
have one type of car and one type of equipment, for each par- 
ticular kind of traffic. 

Mr. Sprague has acknowledged that he asked Mr. Insull to 
write this paper because he thought the capital investment 
might be reduced by having the power supplied from one general 
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power house for a large variety of uses rather than from separate 
power houses. I think this possibility does exist, but conclu- 
sions should not be jumped at too quickly. I am rather inclined 
to agree with Mr. Stott that we have gone somewhat far afield 
in this matter and have not given proper study to the question 
of substations. It should be remembered that the only reason 
for establishing our modern substation system, that is, one power 
house leading into a number of separated substations, is that 
such a system puts a better load factor on the power house than 
a series of power houses would have had, one at each substation. 
If, however, the time comes when increasing the size of the 
station does not decrease the cost of production, then it is almost 
obvious that the substation system need no longer be adhered to. 

It is quite probable that the total cost of transmission from a 
mammoth station to very large substations might be in reality 
an added cost. Under these circumstances the cost of power at 
the point where it is used would be greater than if separate power 


- houses, properly located, were established. 


The reference to sharing profits between the large companies 
and the smaller companies buying power is interesting. Cer- 
tainly the buyer in making his contract for power would have to 
see to it that the price he got was such as to permit him to 
amortize his old equipment and retire it in a given time. If this 
point be included it may be more difficult still for the large power 
houses to make a showing in those cases where amortization 
would have to be allowed for. 

Percy H. Thomas: I donot know that Ican add anything of 
value to this discussion, except to suggest that possibly one 
reason our railways are not more in a hurry to go ahead and 
electrify their systems is that they are waiting to see if some new 
development will not turn up, some new method of operation 
appear. We cannot assume that we have obtained the best 
solution of every problem. We have made great advances, but 
still there is the question, “‘ If we wait five years more, may we 
not use a different system?”’ 

In my opinion, while much may be said on both sides of the 
question as to whether a single central system can better 
supply power for all purposes than a number of independent 
systems, we can almost foretell the actual result by instinct— 
the trend since the industry began has been towards centraliza- 
tion. We cannot always state just where its superiority comes in, 
but taking all the factors into account, I believe that centraliza- 
tion of control is what we are coming to. I feel very sure that 
at least our local population centers ought to be supplied all 
under one management; it may be that the advantage is not 
primarily on account of diversity factor, it may be that it is not 
on account of load factor, but there will Surely be found some 
basic reason for justifying this method. 

W.G. Carlton: There is one point Mr. McClellan brought out 
in regard to pooling electric cars and locomotives. I think the 
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idea of pooling might be applied to the power stations, for 
example in New York City, and if that were done, then the idea 
of Mr. Stott, in regard to saving distribution expenses by 
assigning territory to any one station and letting that station 
cover the load in its vicinity, could be very readily worked out. 
It seems to me that, as far as New York City and vicinity is 
concerned, if there is any large saving to be made in the handling 
and distribution of power in a wholesale way, it has got to be done 
by “pooling” the power stations. As to the manner in which that 
can be best worked out, I have nothing to suggest at the present 
time. I do not, however, believe the time will ever come when 
it will pay to build much larger power stations than we already 
have in some cases in New York City. 

Calvert Townley: This question of the concentration of 
power in large centers, which is the underlying thought in Mr. 
Insull’s paper, is, as he himself states, not anew one. It has been 
studied for a great many years not only by engineers but by the 
financial men interested in properties which supply electricity. 
Mr. Insull ably states many reasons why it is cheaper to generate 
a large amount of power in one station rather than smaller 
amounts of power in several stations, but he does not prescribe 
any limitation to this concentration process. 

Suppose we carry that argument to its logical conclusion, 
without any limitations at all. If it be true that it is better to 
generate all of the power in Chicago or in any other large city, 
in one big station, why is it not true that all of the power in the 
suburban territory around that city should also be concentrated, 
and extending the argument still further why is it not true that 
all of the power required in the state, or in a group of states, or 
in the United States, if you please, shall be generated by one 
station located in Chicago? 

Of course the absurdity of that conclusion is seen at once when 
it is stated, but it is necessary to bring out and strongly emphasize 
this point that any treatment of the problem of power generation 
is incomplete and faulty which does not also fully consider the 
question of distribution. 

Certain economies referred to in the paper are obtained by 
increasing the size of the generating units. Others result from a 
higher diversity factor, and in many cases savings may be effected 
up to a certain point by combining into one the several distribu- 
ting systems. As Mr. Stott points out, however, little is to be 
gained in operating economy by increasing the size of generating 
stations beyond a certain point, so that in considering a power 
supply of the magnitude of that under discussion the argument 
for concentration to secure operating economies has but a very 
limited application. 

Mr. Insull’s paper*lays great stress on the improvement in 
the combined diversity factor over the several individual diver- 
sity factors. Mr. Stillwell pointed out, in the discussion which 
was had on this paper in New York, that as the size of the power 
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stations which are combined increases, the probable improvement 
in diversity factor decreases. This would seem to be almost a 
self-evident proposition, even if it were not supported as it is 
by the very complete set of curves given in the paper. Having 
therefore reached a limit in saving due to increase in size of the 
units or stations which are combined, and having stations so 
large that their combinations will show but very little, if any, 
saving, in the diversity factor, it becomes difficult to find good 
argument in support of further concentration. 

A comparison of the two maps of the city of New York and 
surrounding territory given in the paper, one showing the 
number of stations now installed, and the other the number which 
ought to be installed, shows that the author does not suggest 
combining all the stations into one, but believes several are to 
be preferred. The reason for retaining several power stations, 
instead of concentrating the production of power in one station, 
is not given in the paper, but it is a fair assumption that the 
author’s examination of the local conditions indicated to him 
that the possible economies to be effected by further consolida- 
tion would be more than offset by the increased fixed charge of 
an enlarged distributing system and the losses to be expected 
therein. In other words, we have here simply another confirma- 
tion of the well-known principle that each problem has to be 
studied by itself. The uses of the power must be considered, and 
the territory over which it has to be distributed, and whether 
one power station is best, or two or three power stations, or any 
larger number, and whether one voltage or another, or one 
system of distribution or another, is to be preferred, and how 
many substations should be installed, are all engineering prob-~ 
lems—those are what we are in business to solve. If problems 
of this character could be settled by rule of thumb many electri- 
cal engineers would be out of a job. 

I do not wish to be understood in any sense as opposing con- 
centration—lI realize the benefits of it but I do not think we 
ought to accept the deductions of this paper as having as general 
an application as might readily be inferred unless the limitations 
are clearly understood. 

While it does not exactly bear on the subject of this paper, 
my friend Mr. Sprague in his opening remarks asked the ques- 
tions, why did not the New Haven road buy power from the 
New York Central, instead of building its own power house, and 
why is the cost of generating current in the New Haven power 
house higher than it is in the New York Central power house? 
I can answer the first question at once—the New Haven road 
tried very earnestly to buy power from the New York Central 
road but the New York Central quoted 2.5 cents per kw-hr. 
as its lowest price. It finally said that under some very 
favorable conditions it might be willing to reduce that price 
to 2 cents per kw-hr., but beyond that it was absurd to talk 
of any reduction. It was necessary for the New Haven road to 
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have power at a certain date. It could not wait to conduct long 
negotiations, to see whether, by bargaining, it could get lower 
quotations, and it believed it could produce its own power for 
much less money. That 1s the reason why the New Haven 
Road built its own power station. 

As to why the cost of generation is higher at the present time, 
I have no figures before me, but I do know that the New Haven 
road load factor is very low. The peak demands are high com- 
pared with the average consumption of energy. This is a con- 
dition which was fully expected, because the electrification which 
the New Haven road has completed so far is only one step in a 
general scheme. The New Haven road at the present time is 
proceeding to extend its electrification from Stamford, 33 
miles (53 km.) from New York, to New Haven, 73 miles (117.5 
km.) from New York. Further future extensions are probable. 
It has electrified and will shortly operate the twelve-mile (19.3 
km.) six-track branch from Harlem River to New Rochelle 
over which all its freight passes. The same power house is also 
soon to supply power to the new road, the New York, West- 
chester and Boston. The load factor undoubtedly will be much 
better when these additional loads are put on the station. 

Mention has been made of the necessity for providing a sinking 
fund to amortize the plant cost when a company which has 
heretofore generated power proposes to abandon its plant and 
buy power. That point is well taken, but it must of course be 
remembered that the present demand on any station is an unsafe 
guide. One of the problems in supplying electric power is not 
only to get enough power now, but to keep on having enough 
power hereafter. The load has a habit of increasing, sometimes 
very rapidly, and that calls for additions to these power houses, 
and requires additional capital. This fact is often very favorable 
to concentration. It may well be that the directors of a railroad 
which has enough power for its present needs may be most 
reluctant to provide additional capital every few years for power 
house extensions, and if a large central station company can 
afford to supply all increased power demands, thus avoiding the 
necessity for such extensions, the amortization will then be 
limited to the present investment, while, for increases, the sums 
that would be reserved for this purpose are available for some- 
body’s profit. 

S. D. Sprong: I will refer to just one matter in Mr. Insull’s 
scheme. There are four generating stations in Chicago as shown 
in Fig. 19, which is hardly a unified system. 

W.S. Lee: I rather fear that the membership is drifting into 
the idea of getting too big units, having only one power station. 
In my opinion that is not the practise which we should follow in 
the problem of the centralization of power. The idea of putting 
everything into enormous units, a little bit larger than anybody 
else has, and putting it into one spot, will get us all into trouble. 
Mr. Stott referred to cross-sections of copper being the same, 
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whether it is run from separate stations or from a combination 
of stations. That is true, but our distances are becoming longer, 
and that would increase the size of copper. There is no question 
that the railroad demand in connection with the public utilities, 
as we usually refer to them, such as street railways and lighting 
plants, is one that calls for enormous blocks of power, and the 
demand is likely to be in one spot at one time, and in another 
spot at a different time. An arrangement is preferable of large 
stations, or central stations, at different places, and then some 
interconnection between them, so that in case an excess amount 
of power is required, one station can assist another. 

I am not familiar with railway operation, but that is just 
exactly what we are doing in the case of power transmission. 
We are finding that it is an operating problem, and that it is 
wise not to have our stations too near together, nor to have too 
great an amount of power in any one spot. We have two power 
houses quite close together in one case. We have two of our 
largest plants located on one river in North Carolina, while we 
operate also on three other rivers, with a total distance of 300 
miles (483 km.) apart. We find that these plants in different 
parts of the territory, with a connection between them, take 
their load satisfactorily in their respective sections, and further, 
are able to assist each other in case of trouble. I think central- 
ization of power should not be considered on the basis of enor- 
mous stations, grouped in one spot, and everything emanating 
from these stations, but rather large units in different parts of 
the territory, each so placed as to carry approximately its own 
load, and also interconnected to take the shift from one to the 
other, and assist each other in that way. 

Frank J. Sprague: I think the discussion has taken a turn 
which is hardly justified. I do not understand from Mr. Insull’s 
_ paper that he recommends concentration in the largest possible 
station, with the largest possible units, for the power supply 
of an unlimited district; that would be poor engineering and 
bad business judgment. With any distribution of power, in 
any given field, it is perfectly feasible to determine how many 
stations should be erected, where they should be located and the 
method by which they should be operated to get the most 
economical results. Concentration of power in a station should 
go so far, and only so far, as calls for the use of units of reason- 
able size, in reasonable number, and with sufficiently diversified 
service to get a good load factor, and then as the area increases 
the number of stations should be increased; as Mr. Stott has 
pointed out, the natural and inevitable result is the interconnec- 
tion of these stations with each other. Mr. Insull does not hold 
that all the power stations even in Chicago, or all the power 
stations in New York or any other place, should be con- 
centrated in a single plant, and I do not believe any engi- 
neer would agree with him if he took that stand; in fact his 
own practise is opposed to this view. Stations should represent 
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such a capacity as will insure a reasonably efficient operation, 
and cover area enough to provide a proper diversity factor. The 
gas and electric companies combine loads on the various stations, 
and must necessarily do so. 

The point I do not want to get away from is this: Our object 
as engineers and members of the Railway Committee, and my 
desire as the chairman of that committee, is to increase the elec- 
trification of railways now operated by steam power. That is 
not a problem of concentration of antique plants, it is one of 
the creation of new plants, the taking up of a new problem. I 
have pointed out the fact that a railway load varies from a 
few hundred to many thousand kilowatts. With such varia- 
tions, and the necessities of reserve power, can any engineer 
hold that railways in the same district should be run by individual 
central stations? Would any one say that their loads should all 
be combined in one station because they can be handled by 
100,000 kw? I doubt it. But I do say, let there be here a station 
and there a station, each of them having a sufficiently large 
capacity to take care of a reasonable load, and then let there 
be an exchange of power between these stations. 

Referring again to the New York Central and the New Haven 
plants, I was not a party to any question of the selling cost of 
current in that case. As an engineer, I did recommend that the 
New York Central should sell, up to the capacity which it could 
spare, current off its busbars, equally from all phases, to be used 
in a motor-generator substation. This latter condition was 
opposed by the New Haven officials. 

So far as the cost of power is concerned, perhaps if the New 
Haven Road had been in the same position as the New York 
Central it would not have given a central station price exclusive 
of all other factors, but that does not alter the fact that both 
stations, Cos Cob and Port Morris, and Yonkers also, could be 
run for less money if they were under one combined management 
or ownership, and interconnected where practicable. Take 
those stations out of the ownership of the railroads, and turn them 
over to a private corporation which would give a guarantee that 
it would supply ample power to each of these railway companies, 
including power for a dozen requirements in the Bronx and all 
through that section, and they could supply power to both 
roads for much less than the New Haven power is costing and 
possibly for something less than the power costs the New York 
Central. 

I noticed that in the Jersey City station, where the load was 
only 21,000,000 kw. last year, the cost of power is very much less 
than the New Haven. I do not know why that is so, but I should 
like to know. There is no such disparity in cost as the relative 
loads would indicate. 

W. S. Murray: As I understand it, there are two matters 
that are not clear to Mr. Sprague. The first one is the question 
of the wisdom of the policy of the New Haven in having elected 
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to build a power house of its own, rather than accept the power 
from a station, already built, adequate in size to take care of 
our needs. I think that matter was very clearly explained 
by Mr. Townley. The reason he gave was that we found we could 
build a power station and supply our own power at a much better 
rate of cost than the rate we could negotiate with the New York 
Central and Hudson River Railroad Company, and that was done. 

As to the second matter, the cost appearing in the tables that 
Mr. Sprague has referred to, showing that the rate of generation 
at the Cos Cob station is higher than the several other stations 
mentioned, that is quite correct. I have never tried in any way 
to put a restraint on the presentation of data available in our 
railway work, but I have rather strenuously objected to the 
assembling of these data upon a comparative basis, because the 
conditions of generation at the Cos Cob station are so absolutely 
different from those involved in the other plants with which 
these data are compared. However, I yielded to the publica- 
tion of the data simply because I did not feel that there was 
anything to be concealed. But I want to straighten out Mr. 
Sprague on this matter, because I know he has a great deal of 
confidence in the single-phase system, and I do not want to have 
him feel that this confidence has been misplaced, as a result of 
not going fully into an analysis of that situation. 

Now the reasons why the costs of the Cos Cob generation are 
higher than the others are these: First, the Cos Cob station has 
an extremely poor load factor at present. I think it can be said 
without doubt that the load factor of the Cos Cob station is 
the worst in New England. There is nothing that is very dis- 
quieting, disturbing or disagreeable about that. The station, 
of course, has nothing to do with it. No matter what type of 
station be put there, it would be subject to the same load factor. 
That load factor exists, and therefore you must credit the station 
with having a most difficult situation to deal with so far as 
economical output is concerned. That is the principal reason. 
Now, it is compared, for instance, with the New York Central 
station, which has a very low rate of cost of generation, and what is 
the reason? Simply that there are installed upon that system 
storage batteries equalizing the generator load throughout the 
whole day. But we must not lose sight of the fact that while the 
cost per kw-hr. generated may be lower, the storage battery 
system requires more kw-hr. generated for 24 hours for a given 
train schedule than a system not employing storage batteries, 
such as that, for example, of the New York, New Haven and 
Hartford single-phase system. 

Stated in another way, how much integrated power is required 
every 24 hours, to operate a certain train schedule? When you 
have sifted the matter down you find that the number of kilo- 
watt-hours required per train ton-mile propulsion is lower at the 
Cos Cob station than at any other power station handling 
heavy electric traction. 

Besides that, I want to draw attention to the fact that the 
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Cos Cob station, when first laid out, was laid out for expansion, 
and its expansion has now come. These data have been cir- 
culating for some time between the companies, and quite rightly, 
but during this whole period, in which the rates have climbed up, 
Cos Cob has been upon a construction basis, rather than upon an 
operation basis. Take a station that has the end of it kriocked 
out, and a new extension, of more than 100 per cent, being 
added to it, furnishing steam to the contracting plants surround- 
ing it,and its main turbines operating many times on a non- 
condensing basis, naturally if all this power is not represented 
in the divisor the rate must be high. 

These are some of the reasons which show that the rate must 
be higher. If you come to me a year from now, in June, 1913, 
I can tell you another story. I will not have storage batteries 
installed in the plant, they never will be necessary, but in the 
place of these storage batteries there will come a different kind 
of means to bring a very even and more efficient load. In the 
valleys of our present load will be placed a magnificent freight 
load changing our very peaked condition of load curve and 
producing an excellent load factor. Besides that, all of the 
power that is to be generated at the Cos Cob station is not to go 
to train propulsion, but some of it is to go to the trolley roads 
and the lighting companies which the New Haven company owns. 
This explains in a way my demurrer to having these tables 
circulated, simply because they do not show the final results. 

It is exactly the same way with the construction. In about a 
year’s time, when the New Haven road can say it has under wire 
550 miles (885 km.) of track, and has a complete division run- 
ning by electricity, which is not in any way associated with 
steam, and every wheel west of New Haven is turning by elec- 


tricity, when that time comes valuable data will indeed be at. 


hand. 

William B. Jackson: I feel that this discussion of steam rail- 
road electrification is extremely desirable in connection with 
the paper under consideration, and I feel that Mr. Insull’s 
analysis has brought out clearly the factors controlling the 
situation, for we have right here, in the case of the New Haven 
road, an instance of a plant taking care of a certain kind of 
service wherein the costs run high, and we must all admit it, 
from what Mr. Murray tells us. The plant will eventually take 
on different kinds of service which, in this case, will have an 
extra large diversity factor, and eventually bring his plant to 
be one of the best, so far as the diversity factor is concerned, 
and, let us hope, so far as the cost of production of power is 
concerned. 

It is an interesting fact that a person is prone, in the considera- 
tion of a paper, to be influenced by the title, but in this case the 
title is likely to carry him far afield, because here the case of 
the electrification of steam railroads is an important factor only 
as it adds to the power plant, enabling the power plant to cover 
large areas, or to supply all of the service in large areas, and to 
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supply additional power which will improve the load factor and 
thereby improve the cost of generating the power. The alterna- 
tive title that Mr. Insull suggests for his paper, “‘ The Genera- 
tion and Primary Distribution of Energy for Given Areas,” 
is a big subject, a magnificent subject, and includes as one 
impoftant factor this matter of electrification of steam railroads, 
as one of the services. We must also appreciate and have it 
clearly in mind that there is no suggestion of concentration of 
power in great power houses, for the reason that even though we 
follow out the suggestions which the paper contains, we will 
never concentrate in one power house more than can be economic- 
ally carried by that power house. The paper is a splendid plea 
for the concentration of all electric service for any district 
which may be economically supplied from a single power house 
in the one power house, thereby securing the advantages of 
obviating the need for duplicate transmission lines and duplicate 
substations, and taking advantage of the improved load factor 
which Mr. Murray has pointed out to us in the reduction of the 
cost of electric power. Nobody, I believe, can take exception 
to that general principle, that if we are to provide power eco- 
nomically in this country we must get rid of the conditions where 
two or three different generators, parallel generators, are supply- 
ing the same sort of power. 

We must also go further. In thinking of this paper, we are 
prone to think of it as applying merely to such great centers as 
the city of New York, Boston and outlying territory, and 
Chicago and its outlying territory, but we must recollect that 
the considerations in this paper take into account just as clearly 
the conditions around the smaller centers where, by bringing to- 
gether into a single power plant all services of energy which are 
now or shall be later supplied by electricity, we are likely to get 
very important advantages, from the standpoint of less cost 
per kw. of construction of plant, and less cost per kw-hr. of 
output of the plant, and a tremendous improvement that is pos- 
sible in the matter of general management and the other general 
expenses, which must take into account the physical operation 
of the plant, the policies which are to guide the service of the 
electric power in the districts under consideration. 

We must also go a step further and appreciate that if we are 
to follow out logically the plea of .this paper we must not only 
have these plants properly located and of proper size to carry 
all of their power, all of the electric power in their districts, but 
we should also have them so located and interconnected that 
satisfactory correlation is possible between the operations of 
the several plants, whereby there are undoubted gains to be 
obtained. 

Lee H. Parker: I have already stated publicly that I believe 
all of the power required for the transportation facilities in 
Boston and its vicinity could be furnished by one large company. 
I believe that the steam roads within the Metropolitan District, 
when electrified, might have their power supplied, either by the 
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present Boston Elevated Railway Company, or some other large 
transportation company, which in turn could be amalgamated 
with the existing power and lighting company. I cannot see 
any good reason why the comparatively small amount of power 
required for the electrified steam roads should not be success- 
fully and economically handled by any one of the large power 
producing companies in existence here in Boston today. 

C. O. Mailloux: As engineers we must appreciate the fact 
that circumstances alter cases. Guided by that principle, one 
would see, offhand, that it would make a great deal of difference 
what the circumstances were in determining what the decision 
must be. There are certain fundamental principles which serve 
to guide the engineer when he looks at things from an economic, 
and: also, perhaps, from a financial point of view. From the 
standpoint of the conservation of energy, and of capital, and 
of everything else (which is one of the live questions of the present 
day) it is far better that we should specialize—that the one who 
is producing electrical energy should produce electrical energy 
only, and sell it, and produce all that he can, while the man who 
is producing “ transportation,’ or who is dealing with the 
‘“‘ railroad-economy ”’ side of the problem, should confine himself 
to that. But here, again, circumstances may alter cases. There 
are many cases where it would be far better that they should be 
combined, and there are great advantages, intrinsically, in 
doing that. 

In connection with the development or new electrification 
of a traction enterprise, it would certainly be, in many cases, 
very useful and very convenient if one could detach the produc- 
tion of power from its utilization. Take, for instance, a project 
involving $10,000,000. If it is based upon the production of 
electrical energy by the company that is going to develop the 
project, one must include, in the cost cf equipment, from $1,000,- 
000 to $2,000,000 or $2,500,000 for the generating plart. Hence, 
in a case like that, if power can be procured from an existing 
power station a project can do away with a certain amount of 
financial handicap, from the very fact that it is able to get 
along with less capital at the start. We all know that the new 
project finds it hard to enlist capital; it finds it difficult to show 
a return on the proposed investment; but, even if it can show a 
return on the whole investment, the problem of financial feasi- 
bility and realization is greatly simplified if the total amount of 
capital asked for is reduced, say, 15 to 25 per cent. 

In a case like that, therefore, the possibility of deriving the 
requisite supply of electrical energy from a central source of 
supply, such as is contemplated and advocated in the paper of 
Mr. Insull, may be of great value. In the first place, it would 
obviate the necessity of capital being invested in two, three or 
more “lumps” for the generation of energy; which means 
higher efficiency in the production of energy, also lower cost and 
lower managing expenses. These are centralized and corres- 
pondingly reduced, and from the standpoint of the man who is 
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interested in the purely transportation aspect of the problem, 
it simplifies the problem, because it necessitates his raising 
less capital and undertaking less financial and other responsibility. 
__ One can see that the man who is interested in a new project, 
if he can buy power, can afford to pay, not only what it would 
cost him to produce it, but just a little bit more, in other words, 
he can afford to some extent to capitalize a part of that respon- 
sibility or a part of the difficulties which he would experience 
and would need to overcome in producing and procuring the 
necessary capital himself for the erection of a power plant and 
the production of the power. Hence, admitting that he were 
able to produce and procure the capital, if he can avoid the 
necessity of it, it is somewhat to his advantage to do so; and 
he can afford to pay a little more for it. However, as already 
stated, circumstances alter cases. The preceding reasoning is 
not always true. Take projects which are financed by large 
concerns, which are able to raise any amount of capital that is 
required—they find it just as much to their interest to employ 
capital, and keep it active, and make a return on it, for electric 
lighting or for power, as for transportation. In a case of that 
kind, therefore, the possibility of buying power is not of so 
much interest; but in the case of smaller projects, it is generally 
a factor of the greatest importance. 

As these smaller projects grow and develop and extend, a 
time is reached in their career when most of them would find it 
to their own interest to produce their own power, and fortunately, 
when they have reached that stage they have “‘ made good,” so 
to speak—they have demonstrated their usefulness and have 
obtained from the public their ‘‘ certificates of public utility 
and convenience;’’ and they are then able to enlist capital on 
much better terms and to much better advantage than they 
would have been in the first place. There are both of these 
classes of projects, and one general solution will not fit both 
classes. 

It is a very instructive and useful thing, however, for this 
Institute to have had placed before it so clearly and effectively 
the possibility of the supply of power over large areas and over 
large districts from one centralized source. We must, of course, 
understand that in using the term “ centralized’ we do not 
necessarily restrict ourselves to one station. No one, in the case 
of a very large district, or a district in which the density of 
services and the total amount of current consumed was very 
great, would consider “ putting all his eggs in one basket.’’ 
It would be very much better to take a certain maximum size of 
plant, and to build two or three or more of them, connect them 
together, and use them in such a way as to obtain the best result, 
including a certain factor of insurance against breakdown. 

I wish to emphasize the fact that there is a great advantage, 
to those who are interested in the newer problems in which 
public utilities in the form of transportation and lighting are 
concerned, to have placed before them the possibility of studying 
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the modern conditions of the supply of electrical energy, without 
being compelled, at least at the start, to go into the business 
of producing that supply themselves. It is a great thing to be 
able to specialize, and to find that some one else is specializing 
in a way that enables you to benefit by what he is doing and to 
save yourself some trouble and some expense. 

P. W. Sothman: The whole question as presented in this 
paper is of universal importance, and is, at the same time, a 
question which cannot be dealt with by means of any fixed rules. 
I believe that the conditions of each problem will furnish us 
with certain guides, which will enable us to do the best thing 
that can be done in that particular case. As an illustration of 
the present subject, it was thought for some time that power 
plants should be concentrated as much as possible, and even 
placed under one roof; but it is my opinion that we can go very 
much too far in that direction. Experience with several accidents 
in recent years has shown that it is not the best policy to put too 
many eggs in one basket, and I do not believe that we shall 
ever be able to use a general rule which will tell us to do a certain 
thing in any particular way without involving a study of the 
project from beginning to end, and from all points of view, that is, 
from the commercial side as well as from the engineering side. 
Unless we can make such a thorough and independent examina- 
tion we are not practising engineering at all, but are still the 
tools of the financier or the banker, or of some commercial 
interests which are using us for the purpose of filling their 
pocketbooks. 

We must be stiff-necked and say: ‘‘ The engineering problem 
of your system or in connection with your project is so and so,” 
regardless of the fact that the satisfactory solution of the engi- 
neering problems does not necessarily warrant an equally fortunate 
commercial possibility, in which case engineers of today are 
only too often turned down by their financier with the comment, 
“That engineer is no good. I will have to get another one.’’ 

In my opinion great advantages can be obtained, and have 
been obtained, in the consolidation of railway loads with com- 
mercial loads. The load factor of a certain railway near Toronto, 
which we connected up just a year and a half ago, was a very 
poor one. The load diagrams of this railway were studied at 
some length, and we started in to help the company a little by 
cutting out certain trains at certain hours. The trains cut out 
were mostly freight trains, and these were handled during the 
night time to a great extent, but a small freight service was 
arranged to fill out the gaps during certain periods of the day. 

The success of this move was somewhat surprising. The rail- 
road was, previously, taking an average load of from 850 to 
900 h.p., with peaks running up to 1700 h.p., and because of 
the educational work we were able to do, effecting a readjust- 
ment of the freight train schedule, and otherwise telling the 
company where its practise was not right, and how to improve it, 
the maximum peaks, I believe, do not now exceed 1200 to 1300 
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h.p. lama believer in education, which, if coupled with fairness, 
can accomplish very much. If two men get together they can 
always thresh out something, and if both have a disposition to 
be fair and to meet on mutual compromises they can generally 
achieve good results. 

In Europe the distribution of power for railway and commercial 
uses has been done largely in the last few years by the use of 
storage batteries. When I was over there last year I was very 
much surprised to see that a number of power stations had 
succeeded in almost entirely eliminating their peak load, that is, 
the curve of consumption was kept as straight as possible. This 
is a condition which has not yet been attained to any great 
extent in America. I have found that in order to accomplish 
this, different kinds of mixed systems are used abroad—some- 
times the cars carry storage batteries which supply the load at 
certain periods, and sometimes one finds second trolley wires 
which are used for direct current in times of emergency, all of 
which gives a good flexibility. 

I must admit that such installations would not receive approval 
the first time they were presented to a company in this country, 
but when you figure out the whole scheme, based on continuous 
service, or, in other words, when you figure out the real value of 
absolutely continuous service, the cost of generation, which is 
only a part of the whole, will fall down reasonably low, and should 
convince your customers of its desirability. There is no question 
but that continuity of service is one of the leading factors in the 
supply of electric current. 

I feel that the question of the electrification of steam railroads 
is 99 per cent a commercial one. As to the engineering phase of 
the question, there is no doubt that it can be successfully done, 
but, as stated above, we must study each case on its own merits, 
and see the light as distinguished from the shadow. 

C. L. de Muralt: Mr. Townley made a certain reductio ad 
absurdum when he showed that, if you can use a single power 
station to supply one town, there is no reason why you should 
not use it to supply one county, or one state, or finally you might 
as well supply all of the United States from one single power 
station in Chicago. That, of course, would be absurd, but I 
think it is not quite fair to Mr. Insull to consider his paper in 
just this manner. I do not think Mr. Insull had any such thing 
in mind, but I can easily conceive of his having in mind the 
supplying of all of the United States from one single network of 
lines, controlled by one company, which owns all sorts of power 
stations in the most convenient places, steam, hydraulic, etc., 
and I do not doubt for one moment that the country would 
benefit by such a combination, provided it could be properly 
regulated. The figures which Mr. Stott has given show plainly 
how such a combination of various loads will decrease the 
operating expenses proper, and then there is the still greater gain 
in the saving of fixed charges on equipment which can be climi- 
nated if the load factor is high. 
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On this point it seems to me worth while to call attention 
to some information contained in Mr. Insull’s curves but not 
specifically mentioned by him. I will first refer to Fig. 4, which 
represents the power requirements of the railroads electrified 
in the district of New York, the Pennsylvania Railroad, the 
New York Central and Hudson River Railroad and the New York, 
New Haven and Hartford Railroad. You will notice that each one 
has a strong peak at about eight o’clock in the morning and another 
strong peak at about six o’clock in the evening, and a very deep 
valley between. Incidentally you will notice that the peak and 
the valley are much less in the curve of the New Haven than they 
are in the curves of the Pennsylvania and the New York Central, 
which seems to contradict Mr. Murray’s claim that his company 
has the worst load factor. 

What I wish to bring out, however, is that the two peaks of 
this kind of railroad service practically coincide with the custom- 
ary peaks in the lighting and: power business, which also occur 
roughly at from six to eight o’clock in the morning and from six 
to seven o’clock in the evening. In other words, superimposing 
this sort of a railroad load on the usual power and lighting load 
will not help very much, which may explain why Mr. Insull is 
disappointed in the saving which he can make by improving 
the diversity factorin this manner. It is necessary to remember 
that these are all strictly suburban train services. The New 
York Central, the Pennsylvania and the present New Haven 
installations run essentially suburban passenger trains. 

Now let us refer to Fig. 8. You will see at once the difference 
between the passenger curve and the freight curve. The pas- 
senger curve in this case also represents a suburban passenger 
train service. It stands for the Chicago terminal operatidn, and 
it has two very plain peaks, but the freight curve is a very much 
smoother curve—as a matter of fact, it is practically at its 
maximum value just during the time when the other curve has 
its deepest valleys. Thus, while the total is not by any means 
a horizontal line, the difference between its lowest point and its 
peak is very much less than in the case of the passenger curve. 

The conclusion which I should like to put before you is this: 
The electrification of our railway terminals alone is not going to 
help us very much, but the further out we go, and the more we 
include freight business and through passenger trains, the more 
will we be able to smooth out the load curve. This is perhaps the 
strongest argument which Mr. Insull has brought out in his 
paper in favor of consolidation over as large a district as possible. 
We need not necessarily consider a single power house in one 
city, but let one company furnish, by means of a series of power 
houses and a network of lines, the electric energy required for all 
purposes, light, power and.-tractioa, in a large territory, and the 
cost of electricity to everybody concerned is bound to be reduced. 

N. W. Storer: Apparently all of those who have discussed 
Mr. Insull’s paper are agreed on certain things. Certainly no one 
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can refuse to admit that, from an economic standpoint. it 
would be better if all of the power used in any community were 
generated and distributed by one organization, provided that 
organization was so managed as to give the service desired by 
power users. Looking at it broadly, without any reference to 
organization, if every power user were able to get as much power 
as he desired at any time and in any place by connecting to 
a power distribution system, he would be relieved of all responsi- 
bility of a power house and everything connected with it. Under 
such conditions a great many projects would be financed, that 
are now impossible. It should be possible, as Mr. Insull states, 
for power to be distributed in this way and sold at a lower cost 
than it would be possible for the individual users to generate it. 
This statement, I believe, will be admitted by all. 

When it comes to the organization of the distributing system, 
of course it would naturally follow that generating stations 
should be of the most economical size, and should be so inter- 
connected as to get the best and most economical distribution 
system. It might be most economical to have one organization 
to distribute power to the entire country. This, of course, is 
not a possibility at the present time, neither is the single dis- 
tributing company in large cities a possibility, for the reason 
that no large railway corporation or other large user of power is 
going to put this work in the hands of any company which may 
be controlled by rival capitalists. If there were no fears on the 
part of power users that they were putting their business in 
jeopardy by permitting all power to be concentrated by one 
company, there is not a particle of doubt in my mind that 
concentration would be made in the near future. There are too 
many cases in view at the present time, where communities 
are at the mercy of a single corporation, being obliged to pay 
exorbitant rates for their power, to encourage people to extend 
this system any further. The ideal system which Mr. Insull 
advocates can be put into effect only when the power companies 
are put under the control and the prices are subject to the 
regulation of an honest and efficient government. The question 
then, resolves itself into one of politics rather than engineering. 

Now, as far as the railway load itself is concerned, it has been 
pretty clearly demonstrated that the railway load will have the 
best load factor of any of them. The passenger system alone 
has very bad peaks in its loads, but when a freight load is super- 
imposed on the passenger load, such as will be the case in any 
large city where there is a great deal of shifting and freight 
handling going on all the time, an exceptionally good load factor 
is obtained. From this standpoint, then, there would be little 
advantage to the railroad in buying power from a central com- 
pany. Railroad companies can generate their own power, 
but, of course, one railway company will not be able to sell 
power to arival railway company. If a number of railways are 
to be operated by power from a single power system, this system 
must be under joint control of all the companies concerned, or 
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controlled by a company which is absolutely independent of 
any of the others, and is bound to treat all companies alike. 

In further consideration of the application of this paper to 
steam railway electrification, I do not feel that it is going to be 
necessary for the railway companies to use absolutely the same 
system of distribution as is in use in the majority of the central 
stations in any given locality. It certainly would be advantageous 
i? railways could use this same system, but the railway load is 
big enough and the load factor is good enough to give the most 
ecoaomical production of power, and if the railway companies 
found it more economical to adopt a different system of dis- 
tribution than the one in use locally, they would be entirely 
justified in changing. That, of course, simply means that if’ 
they wished to do so, they could adopt a different frequency— 
in other words, if 15-cycle alternating current with either single- 
phase or three-phase distribution to railways were found in the 
long run to be the best suited for their operation, they could be 
perfectly free to adopt that frequency regardless of the frequency 
in use by other central stations. I do not wish to be understood 
as stating, or necessarily believing, that 15-cycle current is 
going to be the one adopted for the electrification of steam rail- 
ways. My statement is not intended to have any meaning 
between the lines. The frequency of 15 cycles is given simply 
as an example. 

Edward N. Lake: Concerning the Boston Elevated Railway 
Company’s new power station, about which Mr. Insull had some- 
thing to say, I wish that I were at liberty to give some figures on 
this question, but perhaps all that need be said, now, is that con- 
sidering the rate which I understand was offered by the Edison 
Company, and the actual cost now being secured by the new 
station of the Boston Elevated Railway Company, the directors 
of the latter company have had no reason to question the wisdom 
of their decision to build their own power station. 

Frank J. Sprague: We have in use three systems of electri- 
fication of steam railroads, somewhat distinctive: polyphase, 
single-phase and direct-current, and some combinations of two 
or more of these. I am-somewhat of an agnostic, but I have 
directed my energies for some years past not only to promoting 
electric railway operation, but to trying to see that efforts 
should be consistently carried forward in each of these fields to 
arrive at the normal maximum development of the apparatus 
which goes to make up the constituent part of each of these 
systems. We have arrived at a reasonable degree of satisfactory 
operation so far as central station equipment and apparatus is 
concerned; we have gone nearly as far as we can hope to go 
in the matter of reliability, in the matter of efficiency and in the 
matter of producing units of economical size. We have arrived 
at certain general conclusions as to the operation of central 
stations. We have also learned the necessity of permanence of 
construction, when we deal with steam lines which have been 
electrified—where we are tending all the while te more exclusive 
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rights-of-way, where highways shall not cross railroads at the 
same level. We are also introducing, from time to time, import- 
ant improvements in the matter of physical construction. We 
are adopting certain standards in the interests of our great 
cities, and our public service commissions are placing more and 
more restrictive obligations upon those who supply electricity 
for use within crowded areas. 

In the matter of line construction, whether for transmission 
or for carrying the overhead wires over a railway, or the con- 
struction for protected or unprotected third rails along the right- 
of-way, we have arrived at fairly definite conclusions, and fairly 
good experience in the matter of cost. In the matter of motors 
there have been very great advances made in the past three 
years, so that I think we can look forward with reasonable 
assurance to certain normal limits to the potentials which are 
practically available for each of these systems. I do not mean 
that higher potentials are not workable, but there are limiting 
features which come up which go to make up a balance which we 
must regard. ; 

In polyphase work we should not go above 6000 volts between 
adjacent trolley lines, because when we go above that we do not 
gain enough in the matter of economy of transmission to pay for 
the extra cost of maintaining these wires at this excess of difference 
of potential. For single-phase lines I doubt if we will achieve 
anything of importance by increasing the potential much above 
11,000 to 12,000 volts, possibly sometimes to 15,000 volts. In 
direct-current work the old standard of 600 volts has disappeared, 
and my impression is that where overhead lines are used there 
is a practical, normal limit, all things considered, of say from 
2500 to 3000 volts. Where protected third rails are used, there 
is a normal limitation of from 1200 to 1500 volts. 

So far as the motors themselves are concerned, we have got 
pretty nearly to the limit of capacity measured by weight, with 
and without ventilation, natural in the motor or supplied from an 
extraneous source. 

Now having arrived practically at these limitations, I say 
that the time is fast approaching when, as engineers—divesting 
ourselves of any particular pet notions, so far as it lies in our 
power, and not abating in any sense the right to make individual 
efforts along the lines of progress for which we are responsible— 
we should pave the way to get comparative results which will 
enable us to arrive at proper conclusions in the future. In and 
around New York we have the New York Central, the premier 
system so far as that particular class of work is concerned, and 
we have the New Haven system, one of these operating to 
North White Plains and Yonkers, and in the future going on 
also to Croton and possibly to Poughkeepsie, and the other 
operating at the present time to Stamford, and later going on to 
-New Haven, and perhaps further points. Each performs a 
service which is adequate so far as the hauling of trains is con- 
cerned, but one which is disappointing in some ways so far as 
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the total economic results are concerned, for in each case the 
railroad is, for the present, handicapped by having to operate 
in the same zone with steam equipment, and also because all the 
wheels of those divisions are not turned electrically, as I have, 
for the past seven years, urged should be done. 

A sub-committee of the Railway Committee has been charged 
with the duty of suggesting methods for promoting the use of uni- 
form reports by the steam railways which have been electrified, cov- 
ering the electrified divisions. I think it is the duty cf all electrical 
engineers to promote, as far as lies in their power, these uniform 
reports. The five or six railway central stations have already 
framed up these for their individual comparisons, but I think 
probably we would get a little further along than we have done 
if these reports would also deal with the general equipment. and 
specifically with the cost of operation. The latter will not always 
show up well for any one of these systems, and in other respects 
it will show up very well. Now, when a single-phase system, 
or a direct-current system, or a polyphase system, is extended 
over an-area sufficient to eliminate the steam engine within the 


zone of operation, and when those who are in executive control” 


and in responsible charge are willing to lay down in a comparative 
manner all the facts about their equipment and operation, I 
think that the electrical engineers of this Institute will have that 
to which they are entitled, and which eventually they must have 
before they can come to any final conclusions, irrespective of 
my own or any other man’s impressions, as to what should be 
done in the future. So far as lies in my power as a member of 
this Institute, that is precisely the thing I am going to work for— 
to get the facts, no matter what they are, about any and all 
systems, so that we can all pass proper judgment and arrive at 
correct conclusions. 

I cannot agree with some of the conclusions expressed in the 
paper, because I have not sufficient data, but there is underlying 
all this discussion one fundamental fact. Everyone 1s agreed that 
we should have consolidation of power houses sufficiently large 
and well enough equipped to insure reliability and safety in 
operation and economy of operation. Within a given area a 
station should be capable of supplying all the energy required in 
that area, and two or more of these stations can properly be 
connected together for the supplying of larger areas; in other 
words, we can extend the high-tension busbar over large areas, 
and where there is a common territory between two stations 
either can be utilized to relieve otherwise unbalanced overloads. 

I am in hopes of being instrumental in trying to bring about 
the state of affairs which Mr. Sothman happily voiced, that where 
two or more people who have all of the facts, and have that one 
quality which is the highest quality engineers can have, and which 
all engineers should possess to a greater or less degree, the power 
to analyze, these men cannot help arriving at a unity of judg- 
ment provided they are fair-minded in their engineering notions. 


A paper presented at the Philadelphia Section 
Meeting of the American Institute of Electrical 
Engineers, Philadelphia, Pa., April 8, 1912. 


Copyright, 1912. By A.I.E.E, 


SOME FEATURES OF THE OUTDOOR ELECTRICAL 
INSTALLATION 


BY F. C. GREEN 

Economy in the construction and operation of power systems 
is engaging the best thought of engineers with the purpose of 
making the systems attractive to investors, as well as to those 
who utilize the power. The outdoor installation is based prin- 
cipally on economy in construction and partly on economy in 
operation. 

The presentation of a previous paper! on this subject was 
the occasion of much discussion by eminent engineers. Many 
of the details of construction and operation were gone into. 
The idea was indorsed by some and opposed by others, while 
in the main the discussion was mildly favorable. It was gen- 
erally agreed that the principal consideration is economy. 
Some careful figures made for small substations show a net 
saving of 10 to 30 per cent over the indoor installation. At 
that time the outdoor installation was limited to transformers 
of small capacity except some 500 kv-a. 60,000-volt trans- 
formers that had just been installed. According to the general 
opinion expressed, the principal difficulty was to prevent mois- 
ture from getting into the outdoor transformers- and switches. 
The extra cost of making them water-proof and air-proof was 
estimated to be from 6 per cent to 8 per cent. There was some 
difference of opinion as to whether life and property hazard, and 
convenience of operation would be seriously different from these 
features of indoor stations. Most of the discussion was based 
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upon more or less apparently well grounded opinion, practically 
no experience being given. 

List of Transformers. Following are the ratings of some trans- 
formers built for outdoor operation, since the presentation and 
discussion of the 1909 paper: 


LOCATION NO. RATING 
North Carotinaace 3 60—140—22,000 
ING WalOt case eain nee 1 60—150—-16,500 
North: Garolina =e ene eo 60—-300—18,480 
Pennsylvania... .sn0e.. 4 60—150-33,000Y 
INOrthe@arolina seine 3 60—150—22,000 
Mannesotaa seer 1 60—150—-66,000 
Miannesotame ane 6 60—200-—33,000 
North Carolina... ..7-- 3 60—200—22,000 
INorthsGarolinawe ets 3 60—200—44,000 
North Carolina... 3 60—500—50,000 
North Carolina....... 3 -  60—500—22,000 
(GalitOriaa: 4. tas cee 3 60—200—66,000 
PLENnNESSCe.. nie. Sepa ee 60—200—66,000Y 
Caltornias:. oteee faces 3 60—300—66,000 
AADAINA cos ccc a Rant 60—300—66 ,000 
Min tanacnee, acetate 2 60—200—50,000 
Montane fees... an 1 60—200—50,000 
North Caroling ee 4 60-—2750—100,000 
RSCOPOIA acc nie ae nines 6 60—3333-110,000 
SCOTS A ea Coen See 60—1000—110,000 
TOOtIS A hess eens on es 3 60— 667— 62,400 
Flora uc eo 7 60— 500— 33,000 


In numerous transmission systems, high-tension oil switches 
and lightning arresters are installed outside. In several sub- 
stations, transformers, as well as high-tension and low tension- 
buses, are outdoors. 


TYPES OF INDOOR CONSTRUCTION 


Thus we find the extensiveness with which the idea is being 
put into practise, warrants further consideration of the ad- 
vantages and disadvantages involved. A study of the principal 
factors of economy seems to lead to the conclusion that a greater 
percentage of saving may be expected than the values given in 
the previous paper and its discussion; and that the idea may be 
profitably extended to the installation of oil switches, buses and 
transformers outdoors for both substations and power stations, 
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excepting those where conditions make it imperative to have 
them indoors. It is believed that a review of the existing con- 
ditions as embodied in the whole practice of generating, trans- 
mitting and distributing electrical power, will prove more val- 
uable in arriving at correct conclusions than the making of detail 
estimates for the requirements of any given and limited appli- 
cation of the idea. 

As related to the subject, there are two general types of housing 
construction for electrical apparatus; the open housing and the 
compartment housing. The open housing type includes those 
stations where most or all the apparatus and buses are not in- 
stalled in individual compartments, but in open spaces. The 
compartment housing type includes those where most or all of 
the apparatus and buses are installed in individual compartments. 
In existing installations the two types of housing are pretty well 
balanced. 

In the compartment power station, approximately 60 per 
cent of the ground space is required for transformers, buses, 
switches and lightning arresters. From mere observation of 
these plants it can be seen that the cost of the compartment 
construction is at least equal that of the housing including the 
foundation, for the apparatus and buses specified. Also the sub- 
stantial construction used in many of these buildings must result 
in avery considerable percentage of the cost of the apparatus and 
buses being consumed in the cost of the portion of the building 
and compartments occupied by them; and this percentage rep- 
resents a considerable percentage of the cost of the whole plant. 
The amount of saving effected would be greatest in the compart- 
ment type of station. In the open type of station, the saving 
would decrease from those having part of the apparatus and 
buses enclosed, to a minimum with those having only the out- 
side walls. 

OuTSIDE INSTALLATION AT GENERATING STATION 

It frequently happens that the location of hydroelectric power 
houses necessitates large expenditures for building foundations. 
The outdoor installation admits of using any convenient space 
nearby and would effect considerable saving above the amount 
estimated for more favorable locations. 

THE OUTDOOR SUBSTATION 


The substation repair house would serve as panel room for con- 
trol switches, in case the substation was of sufficient size to war- 
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rant having a repair house. Where substations are used for 
supplying mills they may be located sufficiently close to the 
mills to make it unnecessary to have a special repair house and 
operating room. Part of the mill building may be used for 
these purposes. Electrical railway stations require sufficient 
housing for the revolving apparatus and control panels. Also 
there should be sufficient room in the building to have a trans- 
former repaired. For very small repair houses arrangements 
can be made just outside of the house for taking the transformer 
out of the tank, in order to avoid so much head room inside. 
This is a common practice with at least one large power company, 
which has a great number of indoor substations. A simple 
wood or steel structure is erected just outside of the station. 
A device for lifting is provided, and it may be transported from 
one substation to another. 

Where the substation embodies much apparatus it is advisable 
to provide ample facilities for shifting the apparatus around. 
For instance, if a transformer should fail the facilities ought to 
be sufficient to admit of its being readily transported to the re- 
pair house, and if necessary, another transformer moved into 
its place. Tracks should be laid so that any transformer in 
the installation can be readily transferred from its operating 
position to the repair house, by means of a truck. For small 
substations where a repair house is provided, it can be located 
close to the transformer installation. Heavy timbers may be 
used for a track on which to roll the transformer. In fact, ex- 
cept for the very largest sizes, transformers can be more easily 
handled with pipe rollers on timbers than with the elaborate 
wheel construction and the necessary rails. 


MOISTURE 


We now come to those features of the details of apparatus 
upon which the whole question of the success or failure of the 
outdoor installation depends. In the previous paper and its 
discussion, it was quite clearly brought out that the most vital 
question is whether transformers, switches and lightning ar- 
resters can be built so as to be weather-proof. Since a consid- 
erable amount of this apparatus is already operating out of doors, 
it is only a question of the elapse of sufficient time to prove fail- 
ure or success. Experience with small transformers that have 
been located on poles, indicates that there is not as much danger 
from moisture as is feared by those who have discussed this 
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feature. Out of 74 transformers, 1 to 25 kv-a. in size, that had 
been in service two to five years, near the seashore, where the 
moisture conditions are considered unusually severe, samples 
of oil were drawn and tested. The puncture voltage obtained 
between 3-in. copper disks, 0.2 in. apart, ranged between 25,000 
volts and 44,000 volts. These values do not show that any 
moisture got into the oil, notwithstanding that many of the trans- 
formers were idle during a considerable period of each winter. 
Transformers used for pole suspension have never been made 
air tight, most of them in fact being provided with a breathing 
space in the gasket between the cover and tank. 

On the other hand, practise has shown that in some instances, 
indoor installations are subject to atmospheric conditions that 
admit very serious condensation, inside of the transformer cover. 
In those instances where serious condensation has taken place, 
no special provision was made either to make the cover air tight 
or to give it a breathing space. Thus we find that practise 
seems to show a paradox as far as opinions that have been given 
are concerned, but, if a careful analysis is made of the conditions 
involved, the facts are not so surprising. 

The weight of water per cubic foot of air is nearly always 
greater in buildings than outdoors, except during periods of 
rain. This statement is based upon the facts that temperatures 
inside of buildings are higher, which admits of the air carrying 
more moisture; buildings are occupied by people whose breathing 
tends to increase the humidity; water may be exposed in the 
buildings in such a way as to increase the humidity. Trans- 
former stations are rarely specially heated, with a view to making 
them comfortable; still as a rule they are kept at a higher tem- 
perature than the outdoors. In such stations, and‘in transform- 
ers that are not especially ventilated or especially tight, changes 
in temperature conditions are not followed by an immediate re- 
adjustment of pressure conditions. That is, the air in the station 
and in the top of the transformer, having no free and easy path to 
follow, will assume the temperature change without immediately 
assuming the corresponding pressure change; which condition, 
in case the temperature is lowered, results in condensation, es- 
pecially considering that the enclosed air is liable to have more 
water per cu. ft. than the outside air. With the transformer 
out of doors, and with proper breathing space so arranged that 
neither mist nor rain can get inside, the atmospheric conditions 
are free to assume immediately any change in temperature or 
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pressure in the air outside. It seems, therefore, safe to conclude 
that there is little chance of condensation inside the top of a 
transformer located out of doors, and with a protected breath- 
ing path provided. 


TABLE I 


Pounds of water necessary to saturate 1310 lb. (594.206 kg.) of air (18,000 cu. ft. at 25 
deg. cent.) at various temperatures; atmospheric pressure. 


Degrees cent. Pounds Water | Kilograms 
22.2 | 23 10.4 
Ox OA | 32 14.5 
33.3 44 19.9 
| 38.9 61 27.6 | 
| 44.4 84 38.1 
50.0 115 Daal 
55.5 158 71.6 
61.1 217 98.4 
| 66.6 302 136.9 
CP ee | 426 193.2 | 
CH it | 622 282.1 ) 
88.8 1650 | 748.4 | 
94.3 3760 | 1705.5 | 


However, if a more extensive practise should disclose that 
condensation is found occasionally, the most satisfactory means 
of preventing this would seem to be the introduction of a very 
small heating coil in the top of the transformer; a free breathing 
path still being retained. A lining of heat insulating material 
on the inside surface of the cover, would tend to retain the heat 
and to prevent condensation. A very slight increase in the 
temperature of the air in the top of the transformer will have 
the desired effect. The attachment of drying breathers to 
the transformer is unsatisfactory in several respects. The 
material used for drying the air tends to throttle the circulation 
and free exchange. The care required in keeping the breathers 
in good condition is objectionable. They are cumbersome. 
To make tanks air tight is difficult and expensive. Unless 
they are absolutely tight the condition inside the top of the trans- 
former will be favorable for condensation. The same facts 
and reasoning advanced in connection with the transformers, 
apply for the construction of lightning arresters, and oil switches. 


Direct HEAT FROM THE SUN 


The prevention of the transformer’s absorbing the heat from 
the sun in the summer time is a problem easily solved. By 
placing around each transformer a cylinder of some simple 
heat insulating material which may be inappreciable in expense, 
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we not only get rid of the heat from the rays of the sun, but 
slightly increase the cooling, due to the chimney effect, It has 
been found that sheet metal, with the surface next to the ap- 
paratus, painted white, makes an effective screen. 


TYPES OF TRANSFORMERS FOR. OUTDOOR INSTALLATIONS 


Air-Blast Transformers. Air blast transformers can easily 
be adapted for outdoor operation. The intake of the blower 
and the space where the air is discharged from the transformer 
can be so constructed, with little additional cost, as to prevent 
the entrance of rain into the windings. There is no question of 
the effects of the direct heat of the sun or of freezing. Moreover, 
assuming that a small amount of rain should be drawn in through 
the blower, the effect would not be serious; the higher tempera- 
ture of the air would give it so much greater capacity for mois- 
ture that the rain would be absorbed by the air and carried away. 
(See Table I). 

Water-Cooled Transformers. In the use of water-cooled trans- 
formers provision must be made for preventing the freezing of 
the water in the circulating piping and in the cooling coil. The 
. cooling coil should have its terminals brought out at the bottom 
of the transformer and the piping either run under ground 
to the sources of supply and drainage, or heavily lagged if the 
piping is run above the ground. The piping should be so laid 
that it can be drained when it is not necessary to circulate the 
water. The critical situation as regards freezing occurs when the 
transformer is held idle. These occasions rarely exist, except 
where a spare is held. In order to take care of an emergency, 
space for an electric heating coil can be provided under each 
transformer, in order that the coil may be put in position when 
necessary. 

Oil-Cooled Transformers. What will probably prove the most 
satisfactory type of transformer for outdoor operation is the oil- 
cooled type, which requires no auxiliary cooling apparatus, and 
the least attention in service. By means of the cylinder placed 
around the transformer to shield it from the direct heat of the 
sun, the natural circulation of the air is slightly increased. There 
is ample supply of fresh air. In discussing this subject it may 
be well to refer to the use of large, self-cooled, units for indoor 
stations. A number of such units are now in service but have 
not operated sufficiently long to determine the vital question 
of heat under the conditions. Judging from the little attention 
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that has been given to ventilating stations where oil-cooled 
transformers are installed, and from the temperatures that have 
resulted, it will not be surprising to find that the very large 
units cause the temperature of the buildings in which they are 
installed to become dangerously high. Assuming the installa- 
tion of three 2000-kv-a. units in a building of the usual construc- 
tion and size, we find that under full load approximately 120 
kw. of energy must be dissipated. Twenty-two thousand cubic 
feet (623 cu. m.) of air per minute would have its temperature 
raised ten degrees by this amount of energy; or, a building ap- 
proximately 40 ft. by 20 ft. by 27 ft. (12.2 by 6.1 by 8.2 m.) 
high would require having its air entirely renewed once every 
minute in order to prevent a rise greater than 10 deg. cent. in 
the room temperature.. In order to prevent undue station tem- 
peratures it is necessary either to have artificial circulation of 
the air through the building, or to have the building unusually 
well ventilated. 

Prevention of the freezing of the oil in case a transformer 
should be held out of service, can be effected by means of an 
electric heating coil placed beneath the transformer. However, 
experience has shown that there is no particular danger in the 
freezing of oil; also certain grades of transformer oil do not freeze 
at temperatures as low as minus 40 deg. cent. 


INSTALLING 


Installing high voltage transformers involves considerable 
expense and time. Where they are shipped with oil in them, 
the operation of installing is reduced merely to placing the trans- 
former in position and connecting in circuit. This procedure 
has the disadvantage that the transformers are more difficult 
to handle, and according to the practise that has been followed, 
no inspection is made of the internal parts to determine whether 
they have been disarranged in shipment. Therefore, for the 
present at least, the great majority of transformers must be put 
through a drying process. 

There are three general methods used for drying transformers. 
One that has been used the most and the longest is the circula- 
tion of current through the transformer windings with one of 
them short-circuited and sufficient voltage impressed upon the 
other to give the desired value of current. In applying this 
method the transformer may be outside of the tank or inside, 
with at least the manhole cover removed and with any opening 
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in the base that is convenient. This method is now little used, 
principally for the reason that with high-voltage transformers 
the insulation between windings and between winding and iron, 
is so great as to place most of it practically out of the range of 
the effect of the heat generated in the coils. Also, notwithstand- 
ing that it has been used so long, it requires great care in its . 
application to prevent damage to the transformers from excessive 
current. 

Another objection to the use of this method where a trans- 
former has been exposed to unusually severe conditions of mois- 
ture, is that in shell type transformers practically no heat ex- 
tends to the punchings of which the core is built.. A surprising 
amount of water is sometimes found between punchings. This 
water is not immediately dangerous, assuming the coils and in- 
sulation to be dry, for the reason that when it is driven out in 
service, it usually gravitates towards the bottom; but its pres- 
ence has been responsible for mysterious accumulations of mois- 
ture in the bottom of transformers after they are put in service. 

The vacuum method is the second oldest method. Under this 
method the transformer is put under the short-circuit run and 
its tank made vacuum tight. The windings are usually run at 
a temperature of from 80 to 90 deg. cent. and the tank is held 
under a vacuum ranging between 20 and 28 in. (50.8 and 70.8 
cm.). To obtain good results it is necessary to have a high 
degree of vacuum, for the reason that the temperature is so very 
uneven throughout the transformer structure. 


TABLE II 
TABLE OF BOILING POINTS OF WATER 


Degrees cent. Inches vacuum Centimeters 

5 29.7 75.3 
10 29.6 75.1 
15 29.5 74.8 
20 29.4 74.6 
25 29.0 73.6 
30 28.7 72.9 
35 28.3 71.0 
40 27.8 70.5 
45 27.1 68.7 
50 26.3 66.6 
55 25.3 64.1 
60 24.1 61.0 
65 22.6 56.5 
70 21.1 52 2 
75 18.6 46.5 
80 15.9 39.2 
85 12.9 82.2 
90 9.2 22.5 
95 5.0 121.7 
100 0.0 oc.0 
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Under the vacuum practically only radiation gives distribution 
of heat, as there is no circulating medium for distributing it. 
The coils, where the heat is generated, are hottest; but the in- 
sulation between high-tension and low-tension windings and 
between the windings and iron, upon which the transformer 
must rely for its strength, does not reach a sufficiently 
high temperature to bring it within the limits of temper- 
ature and vacuum necessary to cause the moisture to 
vaporize. All of those parts that do come within such limits 
are made dry. Furthermore it is rare that a transformer is 
built upon such close margins that even a small amount of drying 
will not prevent its breaking down under normal operating con- 
ditions. Unless the transformer tank and cover are made 
especially tight, it is difficult to obtain the necessary vacuum. 
All around, the most satisfactory method of drying is the cir- 
‘ culation of large quantities of heated air through the trans- 
former. This method gives practically uniform temperature 
throughout the transformer structure and does not require a 
skilled electrical operator. A unit consisting of electrical heater, 
small blower and motor has been developed which is light and 
cheap. 

One of the problems of the outdoor installation, apparently 
difficult to be taken care of, is a place to put the transformers 
while they are being dried. Probably not more than one at 
a time can be placed in the repair house. For this reason it is 
necessary to consider drying them in position out of doors. 
‘Assuming heated air to be circulated for drying, there does not 
seem to be any objection to making the cover water tight and 
piping the outlet from the cover in such a way as to prevent the 
entrance of rain. Also temporary housing can be placed over 
the intake of the blower. 

Only a few years ago not much attention was given to drying 
out transformers, but in later years very close attention has been 
given. Formerly transformers failed occasionally between high- 
tension and low-tension windings and between windings and iron, 
which was a pretty good indication of moisture; but latterly, 
since the use of more care in installing, there have been practically 
no such failures. 

The problem of drying oil has been a difficult one to solve. 
Numerous methods have been used. The principal ones are: 
forcing hot air through oil under high temperature; heating the oil 
to a sufficiently high temperature to cause the moisture to vapor- 
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ize; heating the oil sufficiently to produce vaporization of the 
moisture with the oil under vacuum; forcing the oil through 
chloride of calcium, or lime, and sand; forcing the oil through 
dry blotting paper. The filtering methods are used mostly now. 
The blotting paper filter has proved most satisfactory. The 
paper constitutes a reliable and convenient filtering material 
with which oil may be treated to withstand a puncture voltage 
of 40,000 to 50,000 volts between 4-in. (12.7 mm.) disks 0.2 
in. (5 mm.) apart. The necessity of heating the oil, which is 
always dangerous and injurious, is eliminated. All foreign 
matter, such as sediment and scale, as well as moisture, is re- 
moved. 
OPERATING 

If the planning and building of power plants have been char- 
acterized by the extravagancewof too liberal consideration, it 
can be said of operating that there has been equal or greater 
extravagance in the absence of thoughtful consideration of any 
kind. Whether the power plants throughout the country can 
be said to represent good business judgment along lines of econ- 
omy, may be questioned by some. On the other hand it is 
only within the very recent past that, even in the most progres- 
sive and extensive power systems, much attention has been given 
to operating features. Efforts along operating lines have been 
confined to those activities necessary in keeping the system 
going, and not much thought has been directed towards the pre- 
vention of accidents that interfere with service. 

The consideration of effective economy is forcing the realiza- 
tion that there is much opportunity for saving, in guarding against 
conditions which have a tendency to bring about preventable 
trouble. In the past, commutators have been wiped and 
occasionally turned down; the dust has been blown from revolv- 
ing machinery; bearings have been oiled. The time is now in 
sight when, in addition to these necessary and ancient operations, 
the right switch will be closed in the right order; oil in trans- 
formers, lightning arresters and switches, will be periodically in- 
spected and treated when necessary; transformers will be in- 
spected and cleaned; they will be kept cool; numerous other 
operating features that involve possibility of much accidental 
loss, will be duly considered. 

There is no question that much extravagance has resulted 
from inattention to transformers in service. They are designed 
and built for a given temperature rise ranging between 30 and 


1912] GREEN: OUTDOOR INSTALLATION 335 


50 deg. cent., but these limits have been used simply as stand- 
ards for purchasing and not for operating. The cooling coils 
of water-cooled transformers have been allowed to become lined 
inside with foreign substance, or the section of the cooling coil 
has been restricted by the residue of chemical action between 
the water and the cooling coil. Water has been allowed to be- 
come heated or too small in quantity. All of these conditions 
tend to cause the oil in the transformer to heat excessively, 
which results in deposit on the surfaces of the cooling coil and on 
the surfaces of the parts in which the heat is generated. The 
efficiency of the cooling coil becomes very low, the transformer 
deteriorates and finally breaks down for some “ unknown ’’ 
reason. In the case of the oil-cooled transformers, buildings are 
not properly ventilated. The oil heats excessively and throws 
down deposit, which is an excellent insulator of heat. The 
temperatures run higher and higher and finally the insulating 
material becomes weakened. 

To obtain a more comprehensive view of the importance of 
the situation, we will assume a transformer for high-tension trans- 
mission, so built as to easily withstand in its normal condition, 
the usual amount of high voltage disburbances. Let us assume 
that the ordinary procedure is followed in the operation of the 
transformer, which means that practically no attention is given 
it. For reasons which nearly always exist, heat begins to cause 
a deposit from the oil. This deposit settles on surfaces and pre- 
vents sufficient cooling. The transformer lasts perhaps five 
years to fifteen years, depending upon the severity of the heating 
and of the operating conditions. This represents the true story 
of the life of a great many transformers. 

There does not appear to be any sufficient reason why the life 
of a transformer should not be indefinitely long. It is only a 
question of attention to prevent the conditions that result in 
a short life. It is evident that even the effects of long-continued 
mild heating must be taken care of. It is imperative that ex- 
cessive heating be prevented, if the possibility of length of life 
is to be taken advantage of. Moreover it is obvious that the 
period of the summer months is the one in which the mischief 
is done. Air and water used for cooling transformers are much 
hotter in the summer time than during the rest of the year. 
Therefore, the problem comes down to taking care of the cooling 
during the summer months. 

The most attractive proposition seems to be the adoption of 
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the oil-cooled unit for the outdoor installation. It is built for 
the ordinary temperature rise of 40 deg. Installed, it has around 
it the cylinder of insulating material which has been referred to. 
This cylinder not only keeps off the direct heat of the sun but 
slightly increases the circulation of air. Under these conditions 
the temperature would not be excessive during nine months 
of the year, but the other three months are the critical period. 
To take care of this period, an electrically driven blower is used 
to produce artificial circulation between the insulating casing 
around the transformer, and the tank. Tests which have been 
made show that the capacity of the transformer can be easily 
increased 50 per cent for the same temperature rise. This extra 
capacity is ample to lower the temperature sufficiently in the 
summer time to prevent dangerous effects under normal loads. 
Running under these conditions, the oil should be noted at least 
twice a year and the transformer examined whenever the con- 
dition of the oil indicates the probable necessity. 

For treating the oil while the transformer is in service, the 
filter press has been found to be highly satisfactory. All that 
is necessary is to attach the suction connection of the press out- 
fit to the valve in the base of the transformer and pipe the dis- 
charge of the outfit to the connection for this purpose. Even 
when the best of care is taken of transformers, it is well to filter 
the oil at least once every two years, and in case any appreciable 
discoloration is noticed it should be filtered oftener. By thus 
keeping the oil clear of any deposit that may result from heating, 
the surfaces inside the transformer will be kept clean, and efficient 
in the dissipation of heat. 


SUMMARY 


The principal advantage of the outdoor station is in lower 
first cost of plant. Another important advantage is that the 
layout may be enlarged or modified at a much less cost and 
inconvenience than an indoor station could be enlarged or modi- 
fied for. There is less fire risk. The cooling of air-blast and 
oil-cooled transformers is more efficient. 

Some apparent disadvantages are the installing of apparatus 
outdoors; the possibility of the entrance of moisture into the 
apparatus; handling apparatus outdoors in bad weather; 
meddling with the apparatus by trespassers. 

According to the construction being adopted for the support 
of outside buses, there is no chance of a person’s coming in 
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contact with the wiring unless he climbs upon the apparatus or 
upon the structures. All wiring is out of his reach. However, 
trespassers can be kept out by building a fence around the in- 
stallation. 
" Judging from the experience, it will not be as difficult to keep 
moisture out of the apparatus as it has seemed to be. In fact, 
there does not seem to be any very serious objection that cannot 
be overcome. Perhaps the one objection that will prove to 
be the most serious, is*making temporary changes that may be 
occasioned by unexpected accidents, in very bad weather. 
This is particularly true with regard to high-tension oil 
switches. On account of moving parts, they are more difficult 
to protect against the weather, and are therefore more liable 
to require repairs resulting from weather conditions. 
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ARC VS. TUNGSTEN STREET-LIGHTING IN SMALL 
TOWNS 


BY C. EE. STEPHENS 


PURPOSES 

Early in the 15th century street lights were ordered in Paris, 
France, to prevent crimes of violence. This was at a time when 
the only occupants of the streets after night were belated 
pedestrians and afew vehicles. In the present day the use of our 
streets by night is growing and ever increasing. In fact the 
traffic in certain sections is heavier, in some cities, during the 
earlier part of the evening than it is at any time during the day. 
It is necessary to provide street illumination to mark the course, 
assist the police, also to avoid obstacles and to recognize persons. 
Police require to observe suspicious characters, and to see 
numbers on automobiles. 

It is difficult to estimate the value of good street illumination, 
nevertheless it is positive. The best lighted streets attract the 
largest crowds. An increase of intensity of illumination in- 
creases the traffic, and property values fluctuate with the density 
of the crowd. It is a noteworthy fact that, in many of our cities 
and boroughs, one street or section thereof, or perhaps one side of 
a particular street, is congested with traffic, while other sections 
in the immediate locality are practically deserted. In some 
cases this can be attributed to the character of the business 
houses, but in a large proportion of the cases, there is no doubt that 
the illumination of the several sections is responsible for the 
condition. There is, therefore, at the present time a far closer 
relation existing between public safety and adequate street 
illumination than existed two or three hundred years since. 

The appearance of our streets gives the visitor a favorable or 
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unfavorable impression of the city’s thrift, depending very 
largely upon whether or not the illumination is adequate. Well 
lighted streets have a wholesome appearance which is an incen- 
tive to cleanliness. 

Very little need be said to convince the average citizen of the 
positive value of well lighted streets. It remains, therefore to 
profit by the experience with the various systems in use and 
to select the one which more nearly fulfills the requirements of 
local conditions. 

In this connection we may mention some of the defects in the 
present practice. There is no doubt but that as a whole, stree: 
illumination in American cities is inferior to that of European 
cities. This is generally understood to be for the reason that 
European cities have a far greater number of inhabitants per 
square mile than do American cities, and a lower cost for labor 
and material in properly maintaining a lighting system, both of 
which combine to reduce the proportional cost per inhabitant of 
lighting the street. We believe the chief cause to be that the 
American public has not been educated to the value of an im- 
proved standard of street illumination. This standard has 
increased wonderfully within the last five years, but there is 
room for great improvement. A greater number of lamps in some 
cases, and in others units of greater candle power, have been in- 
stalled as a result of a spirit of cooperation among the lighting 
companies. 

The principal defects in the past have been the absence of a 
properly diffused light and the use of high brilliancy units so 
placed as to violate the physiological requirements for satisfac- 
tory street illumination. This applies particularly in sections 
where the cost prohibits any class of illumination other than 
that of a lamp used for a marker. 

Until within the last few years, very little attention has been 
given to scientific illumination, either,in commercial, industrial, 
residential or street lighting. The first improvements were 
made in the industrial and commercial field. The progressive 
and. successful industrial and commercial concerns soon 
realized the necessity for better artificial illumination, in order 
to improve the quality, and increase the output and efficiency 
of their organization. This resulted in an application of scien- 
tific principles of illumination in their establishments which 
has been followed to a limited degree in residential lighting. 

The long period of insufficient and generally unsatisfactory 
illumination of the streets is now being succeeded by a period in 
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which central stations, civic organizations and merchants are 
making a gigantic effort to improve conditions. This effort 
has resulted in the installation of a large variety of lighting 
systems. 

Great progress has been made in educating the general public 
to a higher standard of street illumination. To a limited degree 
citizens have begun to realize the inestimable value of a higher 
standard of illumination. We have installations worthy of 
considerable praise, but as yet the improvements of which we 
boast do not compare favorably with the standards set in other 
lines of civic betterment. 


GENERAL CONDITIONS 


The fundamental problem to consider in the illumination of 
any street is the intensity of the illumination required and its 
production at a minimum cost. The cost includes the expendi- 
ture of energy, cost of maintenance, and interest and depreci- 
ation of the lamps, plant and all auxiliary equipment. 

The area to be lighted is a long and comparatively narrow 
strip. 

The intensity of illumination is proportional to the light 
intensity of the unit and inversely proportional to the square of 
the distance from the light source. Assuming that for a given 
minimum illumination a certain distance between lamps is re- 
quired, if this distance be doubled, each unit must have four 
times the light flux and each mile of street will require two times 
the energy. Inversely, if the distance between units be reduced 
one-half, to get the same minimum intensity of illumination will 
require only one-fourth the light flux and one-half the energy. 
If the problem could be solved on an energy basis alone, it would 
therefore be logical to use a maximum number of light units 
with a corresponding reduction in their flux and energy con- 
sumption. It will be noted, however, that increasing the num- 
ber of units also increases the installation and maintenance 
cost of the system. There is a point beyond which the cost for 
any increase in the number of units will exceed the saving in 
energy consumption. A point cannot be fixed which will apply 
generally on account of the innumerable variables (such as the 
intensity requirements in different sections of the city, obstacles 
which prevent a proper location and distributions of lamps, 
energy costs, etc.) which are involved. 

When considered from the standpoint of economy without 
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regard for illumination and decorative requirements, if energy 


cost is low, large units at great distances apart are better, and 


if energy cost is high, small light units placed at frequent in- 
tervals are more economical. 

It should be noted that the above applies only to the illumin- 
ation of long and comparatively narrow areas where the flux of 
light required varies with the distance between units, that is, 
when the distance between the units is doubled, the area which 
a particular lamp must light is only doubled. This does not apply 
in the illumination of large rectangular areas where the light 
units are placed on the basis of the square, since under these con- 
ditions when the distance between units is doubled the area 
which each unit must light is increased to four times, the total 
light flux is increased four times, (to maintain the same 
minimum intensity of illumination) and the efficiency remains 
the same. 

In street lighting, therefore, to keep cost within reasonable 
limits the intensity of illumination is-necessarily very low. 
Heretofore we have had to be satisfied with a spot light form of 
illumination in our streets, but recent improvements in efficiency 
and the satisfactory operating characteristics of our most 
modern street illuminants make it possible to light our streets 
economically and comfortably by night. The increased stand- 
ard of illumination of the street has become necessary on account 
of the extensive use of our streets at night. The character of 
this illumination is general as distinguished from local lighting, 
and on account of the low intensity should be quite uniform or 
else effective illumination midway between lamps will be further 
reduced by the points of high intensity immediately under the 
lamp. 

Having mentioned some of the general requirements of street 
illumination, it is in order to discuss conditions, quantity and 
quality of the light and to note its relation to intensity. 

The requirements for good street illumination may be con- 
sidered under the following heads: 

Uniform intensity; distribution. 
Diffusion. 

Intrinsic brilliancy of light source. 
Shadows. 

We see things by virtue of their difference in luminosity. Dif- 
ference in color at low intensities is barely discernible, and re- 
gardless of the quantity of light received by objects, the differ- 
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ence in the amount reflected to the eye from black objects and 
bright objects is comparatively small. That is, a black object 
will reflect approximately 25 per cent of the light reflected by a 
bright object. The ability to perceive objects, therefore, de- 
pends upon the capacity of the eye to distinguish differences in 
luminosity. According to Fechner’s law the eye can perceive, 
over a wide range of intensity, a fairly constant fractional dif- 
ference in luminosity. In bright light it ranges from one-half of 
one per cent to one and three-fourths per cent. This difference 
decreases with light intensity until at one lux the eye is hardly 
able to perceive shadows. The ability of the eye to perceive 
differences in luminosity depends largely upon the condition of 
the eye. If the eye is adapted to the dark, shade perceptions 
are possible at extremely low light intensities. 

In street lighting if you can see an object fairly well between 
lamps, 1.e., at the point of minimum light intensity, the ability to 
see is materially affected by glare, and to changing of light in- 
tensity due to moving along the street. It is of importance, 
therefore, to provide a uniform intensity of illumination, par- 
ticularly in streets where intensity is low, and to select, equip 
and locate the light source to avoid glare. 

By uniformity is meant a uniform illumination at all points 
throughout the length of the streets. At street intersections and 
other points where traffic is likely to be congested a higher inten- 
sity of illumination is needed. The intensity at these points 
can be ten times that of the minimum illumination at other 
points and not be objectionable, since there are no moving 
vehicles which will approach alternate light and dark spots so 
fast but that the eye cannot easily accommodate itself to the 
different intensities of illumination. Assuming the minimum in- 
tensity of illumination as unity, the ratio between maximum 
and minimum illumination for business or other sections of the 
street where a high intensity is maintained, should not exceed 
ten to one. For residence sections, parks and outlying districts 
the ratio should not be greater than five to one. This ratio of 
maximum to minimum illumination is smaller in the latter case 
because of the fact that where intensities of illumination are 
quite low the effect of the comparatively light and dark spots 
produces objectionable glare. Furthermore, it is in these 
sections of our streets that are found the fast moving cars, 
automobiles and carriages. Uniformity is of greater import- 
ance, therefore, in the residence or other sections or cities where 
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low intensities of illumination prevail, and of less importance in 
the business sections where high intensities are used. 

To produce a uniform intensity of illumination on a horizontal 
plane, a certain intensity of distribution curve and a certain 
location of light sources is required. The uniformity of illumi- 
nation with a given unit varies with the distance between 
-units and their height. The very nature of the street area 
determines that the light units must be in a single or double 
row along the street. The number and size of units and height 
of units are determined by the intensity requirements and cost 
of operation. In making a selection of units for a given con- 
dition it is necessary, therefore, to carefully consider the curve 
of light distribution of the available units. Increasing the 
height of the lamp decreases the intensity of illumination 
directly under the lamp quite rapidly and does not materially 
change the intensity at greater distances from the lamp. The 
height of a lamp is usually quite limited on account of the 
extremely high cost of installation, maintenance, tree obstruc- 
tion, etc. 

A long experience with the old open arc lamp has demon- 
strated that in any illumination scheme it is objectionable to 
use a source from which the light flux issues from a point. This 
is particularly true in street lighting where relatively large units 
are employed, since it is impracticable to support a lamp at sucha 
height that it will not come within the field of vision at a time when 
the observer is quite near the lamp. It is not feasible to change 
the nature of the light source, but by an intelligent use of the 
available glassware for modern street lighting units it is possible 
to diffuse the light quite satisfactorily. The most objectionable 
features of an improperly diffused light are the high intrinsic 
brilliancy and the resultant sharp shadows cast by the illuminated 
objects. The extreme brilliancy of an improperly diffused 
light, when within the field of vision, causes a contraction of the 
pupil of the eye and produces the same physiological effect as if 
the intensity of illumination were reduced. There is consider- 
able loss in light flux when a diffusing medium is used (due to 
absorption), but the final result will ordinarily be far superior 
because with the reduced light flux a greater proportion of the 
light will enter the eye. 

The shadows.of an object when illuminated by directed light 
are very sharply defined and terminate abruptly. This is par- 
ticularly noticeable in street lighting where they are exception- 


1912] STEPHENS: STREET LIGHTING 345 


ally long and project lengthwise of the street. This is very 
objectionable from the standpoint of proper illumination in that 
it makes it quite difficult to clearly distinguish the outline of 
small obstructions, magnifies the size of the object, and the result 
is unsatisfactory illumination. To minimize this effect demands 
that a source of light should be thoroughly diffused (issue from a 
large source) in order to prevent sharp shadows, and be as bigh 
above the point as possible in order to avoid excessively long 
shadows. 
CLASSIFICATION OF STREETS 

The wayfarer wants to distinguish the shadow of a post from a 
hole in the ground; and the policeman to distinguish a peaceable 
citizen from a burglar. In some sections it is desired to distin- 
guish faces, read addresses, house numbers, etc. It therefore 
becomes necessary to classify the lighting undertaken and to 
light each street according to its needs, keeping in mind the 
class of traffic by night and the requirements of public order. 

In small towns the streets which require first-class illumination 
are public squares, the principal business streets, the streets 
leading to a railway station where vehicles and pedestrians are 
numerous, and certain sections of streets where crime abounds. 

The streets which require second-class illumination are those 
where nocturnal traffic is ight or moderate. Such streets are the 
quiet residence streets, the business streets on which there is 
little traffic by night, and the outlying streets which are the prin- 
cipal thoroughfares to and from the country or neighboring 
towns. are 
The streets which require third-class illumination are those 
in the outlying portions of the town, perhaps not built up, but 
are within the city limits. 

In small towns or cities very little first-class illumination is 
required, since the traffic is rarely very dense and the area of 
the streets under this classification is comparatively small. The 
intensity of light required is lower than in similar sections of larger 
cities, and from a physiological standpoint there should be suffi- 
cient reading illumination for a minimum value. This intensity 
is usually set at approximately 0.8 average, with a minimum of 
0.4 lux. The standard of intensity of street illumination has 
been steadily rising in this country, and the small town has found 
it difficult, owing to the large amount of street mileage compared 
to property values, to keep up with the pace. 

The intensity of light required for second-class streets should 
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be sufficient to read an address and to see house numbers, and 
should be an average of 0.4 with a minimum of 0.25 lux. 

The third class of illumination should be sufficient to avoid 
other wayfarers and objects. No attempt can be made to illum- 
inate the street but markers should be provided at street inter- 
sections. 

LiGHT SOURCES AVAILABLE 

The subject of this paper excludes all forms of light sources 
except the arc lamp and the tungsten incandescent lamp. 

Arc lamps may be divided into four types; 1, open carbon arcs; 
2, enclosed carbon arcs; 3, metallic flame or luminous arcs; and 
4, the enclosed flame-carbon arcs. The first two types have 
become practically obsolete as street illuminants. The metallic 
flame arc has largely replaced the older forms of lamps. The 
color of the light is white and the distribution shows a maximum 
candle power from fifteen to twenty-five degrees below the hori- 
zontal. The electrode life averages from two hundred to two 
hundred and fifty hours, and the maintenance cost is compara- 
tively low. The efficiency of light production varies from one- 
half to one watt per candle, depending upon electrode life and 
glassware equipment. The lamp is operated at from four to 
seven amperes, with an arc voltage of about seventy. It op- 
erates only on direct current and is ordinarily used on series 
circuits from constant-current rectifiers. 

The flame-carbon arc lamp has superimposed carbons, which 
give a life of from 100 to 125 hours. The carbons are impreg- 
nated with a light-giving salt which furnishes a white or yellow 
light. The light distribution shows a maximum at from 20 to 
30 degrees below the horizontal, similar to the metallic flame, 
which adapts it admirably for lighting streets or large areas. 
The volume of light is considerably in excess of the metallic flame 
lamp, and the efficiency of light production averages from 0.2 
to 0.8 watts per candle. This lamp is the most efficient light 
source available for street illumination. It has been recently 
marketed in this country for operation on all commercial circuits, 
both alternating and direct current. For street illumination a 
series design is ordinarily used. 

The tungsten incandescent lamps are available in sizes 
ranging from 40 to 400 candle power. The efficiency of light 
production is approximately 1.2 watts per candle. The light 
distribution, when properly equipped with reflector, shows it 
fairly well suited for street requirements. 
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An ideal curve of light distribution, from a practical stand- 
point, for a street lighting unit, is one having a maximum candle 
power from twenty to thirty degrees below the horizontal, and 
a rapidly decreasing candlepower value above and below these 
angles. By a practical standpoint we mean, when considered 
from the power available, the limits to the height of the lamp, 
and the nature of the area to be lighted. 

The question of whether arcs or tungsten lamps should be used 
in the illumination of the streets ina small town is the old question 
of whether large or small units are best. In our opinion each 
unit has its own field of usefulness, and the requirements of the 
small town involve both the arc and tungsten incandescent lamps. 
When considered from the standpoint of illumination, a larger 
number of small units have the advantage in that the total in- 
tensity required to meet the conditions of maximum and minimum 
values is lower than for large units. It is not. desirable, how- 
ever, to solve the problem from the standpoint of maximum and 
minimum illumination alone for there are other items which 
materially affect the result. Chief among these is the limit to 
expense involved in erecting and maintaining a large number of 
-units; the areas beyond the streets which are lighted by a larger 
unit; and the amount of light reflected from buildings to the 
street surface when large units areemployed. In other words, if 
one large unit be replaced by a number of smaller units, under the 
same conditions, a reduced total light flux for the same minimum 
illumination is secured, but it is necessary to install and maintain 
a larger number of units. It is possible, therefore, that no gain 
in illumination efficiency is made which is comparable with the 
loss in light flux. Small units have a large field in second and 
third-class lighting, and large units in first-class lighting. 

About three years ago there was started the tungsten post 
system of street lighting for the streets requiring first-class il- 
lumination. This system was installed quite extensively 
throughout the country, but recent practise indicates a logical 
tendency to use flame arc lamps, supported at greater heights 
from the street surface. 

For a time the tungsten post system wasa novelty and attracted 
considerable attention, but its disadvantages are numerous. 
It is impractical to supply power to the tungsten post system from 
overhead feed wires. This necessitates the tearing up of both 
sides of the city streets to install underground feed wires, which 
therefore makes the first cost of the installation excessive. 
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The first cost of underground feeders for the tungsten post 
system, if constructed in an approved manner, would be pro- 
hibitive. The construction is therefore necessarily a temporary 
job of underground work, and incase thesystem is unsatisfactory, 
or for any reason is discontinued, the underground feature would 
be useless. 

The tungsten post system involves the erection of a large 
number of additional posts on the street which are unsightly and 
which give’a ‘‘ fenced in’’ appearance to the street. 

The tungsten posts are comparatively low, since the lamps 
are approximately only 12 ft. (3.6 m.) from the surface of the 
street. The light from the lamps is therefore constantly in the 
line of vision and produces a glare effect in the eye that from the 
standpoint of good illumination is extremely objectionable. The 
general effect on the public may be pleasing at the start, but 
experience shows that after a short time the novelty wears off 
and general dissatisfaction prevails. 

The annual maintenance cost of the tungsten post system is 
excessively high and it demands constant daily attention. 

We see no excuse for a cluster of tungsten lamps to provide a 
large unit, when the arc lamps provide such an excellent substi- 
tute with superior illumination results and a lower maintenance 
cost. 

The flame arc system is simple and inasmuch as the lamps are 
controlled from the light plant and are trimmed and cleaned at 
regular intervals, little attention is required. The lamps give 
a large volume of light and when placed about 25 ft. (7.6 m.) 
from the street surface give a uniform distribution of light and 
do not produce the objectionable glare which is characteristic 
of the tungsten post system. 

In lighting the second-class streets in small towns, trees are 
often encountered which prevent the use of large units. It is 
necessary to place the lamps low, in order to clear these obstruc- 
tions to the light rays; and this low mounting height in turn de- 
termines the use of a small unit such as the tungsten lamp affords. 

In deciding on the unit to be used, the choice lies between the 
arc and the tungsten lamp. Once the choice is made, it is then 
a question of spacing the lamps to give the minimum illumination 
and of mounting them at such heights as will eliminate glare. 

The principal defect noted in a large number of arc lamp 
systems is the tendency to support the lamps too close to the 
ground. This is particularly objectionable on account of the 


1912} STEPHENS: STREET LIGHTING 349 


fact that the glare effect produced by the bright light in the eye 
causes a contraction of the pupil, which limits the amount of 
light entering the eye and no advantage is gained by a high 
intensity of illumination. 


SUMMARY 


From the above discussion, it will be noted that local condi- 
tions practically determine the unit to be used. No one unit 
can be adopted as being the best for all installations. Assuming 
that all small towns have a certain amount of first, second and 
third class lighting, it will be necessary to use both arc and tung- 
sten units. If the number of arcs is large enough to admit of 
installing one complete circuit, use can be made of either the 
metallic flame or flame-carbon lamps. If, however, only a small 
number of arcs are required, it may be advisable to use the alter- 
nating current flame-carbon arcs and operate them in series with 
the tungsten lamps in the residence sections. 

For the second and third-class lighting, the tungsten lamp is 
better adapted. It is possible to operate them in series, using 
small units between intersecting streets and larger tungsten or 
perhaps arc lamps at street intersections. In any case it is ad- 
visable to raise the lamps at street intersections, in order to in- 
dicate to the driver of a fast moving vehicle that he is approach- 
ing a cross street. Long lines of lamps on the same level, par- 
ticularly if they are low, tend to confuse one in rapid motion and 
it is difficult to see a cross street and to observe vehicles emerging 
from same. 

Perhaps the most fertile field for immediate development is in 
a rearrangement of the present lighting system. It is possible 
to make enormous improvements on almost any system of street 
lighting by relocating the lamps; raising them higher from the 
street ; removing useless, and replacing crooked, or decayed poles; 
and giving the lamps and fixtures sufficient attention to insure a 
pleasing appearance. A recent example of what can be accom- 
plished along this line is an installation of an ornamental street 
lighting system of arc lamps. The novel feature of the installa- 
tion is the use of the iron trolley poles for supporting the lamps. 
The poles were reset, where necessary, to make them perpendicular 
to the street surface, and a suitable iron extension post securely 
fastened to the top of the trolley poles. The length of this ex- 
~ tension post was adjusted to give the lamps a uniform height of 
26 ft. (7.9 m.) from the street. Substantial mast arms were 
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designed to support the lamps from the extreme top of the poles, 
and the service wire is carried overhead on _ high-voltage 
insulators. 

Mention may also be made of the possible improvements in 
caring for lamp glassware. Street lamps are subject to most 
severe weather conditions; dust and smoke will in a very short 
time have a deteriorating effect on the appearance of a lamp. 
A large proportion of industrial and manufacturing plants, stores, 
etc., have realized the advantages of keeping lamp globes and 
reflectors in good condition, and have had the maintenance de- 
partment adopt a regular schedule for frequently washing and 
cleaning the fixtures. The results obtained have been highly 
satisfactory. 

A street lighting unit is the one piece of electrical apparatus 
which is constantly in the public eye. Its appearance largely 
influences the attitude of the general public toward the lighting 
company. Why, then, should it not be kept in first-class con- 
dition? 

It is a matter of note that while the central station managers 
have taken advantage of the many refinements in power station 
designs, have so regulated the power demands that the revenue 
is a maximum for the minimum station expense and have installed 
the very best generating equipment available, they have only 
quite recently turned their attention to the efficiency of the dis- 
tributing lines and lamp fixtures which are just as essential to 
the successful operation of a lighting system. 

No doubt the central stations have been greatly handicapped 
in their efforts to improve street lighting conditions by the vast 
amount of unreliable data which is frequently published. We 
often read articles in local papers in which the rates for street 
lighting service in various cities and towns are compared. These 
articles appear quite frequently during the time when a new con- 
tract between the light company and city is pending, and are 
sometimes very inaccurate and misleading. The data are gener- 
ally inaccurate, not in the information given, but in the lack of 
complete information. 

Local conditions again are responsible for the excessive vari- 
ation in street lighting rates. In some cases a very low rate is 
given by a municipal plant, because of the fact that the account- 
ing methods used do not take into consideration all of the items 
properly chargeable to the service. Maintenance and depreciation 
on distributing and plant equipment, interest on investment, 
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pole taxes, etc., are often neglected. Other items, such as coal, 
water, etc., in combination water and light plants, are charged 
to other departments of the city government. The result is a 
very low rate for street lighting service which does not represent 
the true cost. 

In other instances, central stations make a very low rate for 
street lighting service, in exchange for a long term franchise for 
commerical light and power privileges. Another city secures 
a low rate for street lighting from a central station enjoying 
water power privileges, which conditions are not justly compar- 
able with rates from another central station, perhaps many miles 
from a coal and water supply. 
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Discussion oN “‘ Arc vs. TUNGSTEN STREET LIGHTING IN 
SmaLL Towns’? (STEPHENS), PORTLAND, ORE., APRIL 
16, 1912. 


Gano Dunn: It is a deep satisfaction to see that the author 
of this paper has found in the Institute the forum where it may 
be presented and discussed instead of finding that forum in the ~ 
Illuminating Engineering Society. The author followed good 
precedent. Illumination has been a close cousin if not a nearer 
relative to electrical engineering, and I think it always will be. 

The general features of the paper indicate that the various 
qualities of illumination as presented differ from each other 
principally in the arrangement of units, in the methods of pro- 
ducing illumination, rather than in the electric means devoted 
to the actual creation of the light. When we get illuminants down 
to two-tenths or three-tenths of a watt per candle power we are 
arriving at an efficiency which used to be regarded as heralding 
the approach of the days of cold light. We have passed through, 
in recent years, marvelous improvement in incandescent light- 
ing, with the practical doubling of the efficiency of illumination 
by the introduction of the tungsten lamp, and its influence is not 
yet fully realized, for the public is hardly yet aware of what has 
happened. 

It is very natural that the two forms of illuminant should com- 
pete with each other. My prejudice—we all have prejudices— 
in fact, as a celebrated university president has said, most men 
feel instead of think—my prejudice is in favor of small unit 
distributing sources of illumination as against large units con- 
centrated. But to show how neither one of these is the correct 
illumination for every case, we have only to read the paper very 
ably prepared by Mr. Stephens. 

The psychology or physiology of electric lighting is the direc- 
tion in which perhaps the greatest improvements have been made 
recently. The arc lamp has always been a lamp of high efficiency 
and power, but the flaming arcs have made no more rapid 
advance in are lighting than has the tungsten lamp in incandes- 
cent lighting, so it is about right to say that the race is approxi- 
mately even between the two types of illuminants. On the 
physiological side we find the law referred to and a general 
recognition of the fact that the very brightness of a light often 
contributes to make us think that the illumination is bad instead 
of good. An intensely bright light in a room depreciates the 
value of the illumination in practically every part of the room 
except the particular part it occupies. It is arealization of this 
which has led to such expedients as frosting the globe, the use of 
groups of small units, as in cove lighting, and indirect lighting 
in general, also tubular lighting, and is exemplified by the Moore 
system. 

I once made a technical examination of the Moore system and 
was astonished to find that the illumination did not vary inversely 
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as the square of the distance. At first sight this looks like an 
inversion of the laws of nature. The reason ordinary illumina- 
tion varies inversely as the square of the distance is that it 
proceeds from a point. The Moore light and other tubular sys- 
tems, including incandescent lamps that are strung out in the 
form of tubes, may be regarded as sources in which the illumi- 
nation proceeds from a line instead of a point. Its intensity 
then is inversely as the distance instead of inversely as the 
square of the distance. 

I would call the attention of the members to a feature in the 
paper which may interest them. You have probably noticed 
that the engineering data, rates, volumes, etc., are followed in 
parentheses by their metric equivalents. Some may think this 
is not necessary, but I should like to tell what was done at the 
International Electrotechnical Congress in Turin last September. 
So greatly appreciated was this practise instituted by the Ameri- 
can Institute of Electrical Engineers in giving metric equivalents 
in parentheses, that the Congress as a whole unanimously passed a 
resolution expressing its appreciation of the custom of the 
American Institute of Electrical Engineers and recommending 
that all electrical societies using English measures follow the 
same course. It is little realized how much our papers are read 
abroad, and it is also little realized how vastly important that 
little parenthetical item in the paper is. For the Englishman 
that is not accustomed to American things, it is difficult to 
read an American paper. This seems a radical statement, but 
I have many times had evidence of it. For instance, on the 
question of weight. The English ton is not our ton, our hundred- 
weight is one hundred pounds while the English hundredweight 
is one hundred andtwelve; the English gallon is not our gallon 
and the English bushel is not our bushel, and so it goes on down 
the line. When an Englishman not familiar with these facts 
reads a paper of the American Institute of Electrical Engineers, 
the metric values enable him to know exactly what the author 
means. -I went so far once as to be rude enough to break into 
a conversation of British engineers in a train from Manchester 
to London. I heard a British engineer complain of American 
engineers for false statements as to the delivery of American 
pumps which, he asserted, were constantly overrated. I called 
his attention to the fact that he was probably measuring the 
pump in English gallons and explained that the American gallon 
was only 83 per cent of the English, owing to the adherence of 
the Americans to the old English standards. 

S.C. Lindsay: I wish to take exception to one’statement made 
in Mr. Stephen’s paper regarding the tungsten post system: 
“The light from the lamps is therefore constantly in the line of 
vision and produces a glare effect in the eye that from the stand- 
point of good illumination is extremely objectionable. The 
general effect on the public may be pleasing at the start, but 
experience shows that after a short time the novelty wears off 
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and general dissatisfaction prevails.’’ That may be true in some 
cases where cluster lamps are not properly arranged and dis- 
tributed on the street. I would like to have the author of this 
paper visit Seattle and look at the lights on the streets of that 
city. I think he would then change his mind. I think Seattle 
has the: finest example of street illumination from posts and 
cluster lights that there is in the country. I have not seen the 
cluster lights in all other cities, but have seen three or four other 
examples, and do not see how it is possible to improve on the 
Seattle cluster lights. I will go further and say the cluster lamps 
in Portland are not one-third as good. 

- F. H. Murphy: I wish to ask a question as to the spacing 
and the height of the cluster lamps of Seattle. I am not familiar 
with them, only having been on the coast a short time. 

S. C. Lindsay: I have no data on that point; the city owns 
the plant and the situation and arrangement of the lamps are 
entirely in the hands of the authorities, and I do not happen to 
have the data. Mr. Howes advises me that they are about one 
hundred feet apart and I should think from general observation 
that that is correct. 

A. A. Miller: I can give you a reference which you might like 
to look up. About a year ago last January there was a paper 
presented before the Seattle Section on the subject of ‘‘ Seattle 
Street Lighting’ by two university students who made that 
the subject of their thesis. You will find it in the files of the 
Journal of Electricity, Power and Gas. The characteristics of 
the lighting system are there given with the spacing of posts 
and number of lights per post. In the downtown section they use 
a five-ball cluster arranged in an inverted V, with the point at 
the top, claiming that the distribution of the light in the street 
is better that way than if arranged in the form of a rectangle or 
otherwise. In the second-class district, according to the classi- 
fication in Mr. Stephens’ paper, they use a three-ball cluster and 
in the parks of the city a single ball is used. I do not remember 
the candle power of the units in the different clusters; that is 
all given in the paper referred to. The height is, I should say, 
approximately 15 ft. 

Gano Dunn: One statement in the paper that attracted my 
attention, was the one in regard to the glare from tungsten 
clusters, which has been already questioned by Mr. Lindsay. I 
doubt whether it is a discriminating statement. If you have a 
cluster of tungsten lamps, say, one hundred feet away and twelve 
feet high that gives a brilliancy that is going to be no more in 
the line of vision than the brilliancy of an arc lamp two hundred 
feet away and twenty-four feet high and four times the inten- 
sity. I do not think the case made out against the tungsten lamp 
is a good one in that respect. 

F. H. Murphy: I would like to call attention to another 
point in the matter of cost. The statement was made in the 
paper, I believe, that the cost in small units is greater on account 
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of the greater number of posts. It is true, of course, that in 
order to give the proper lighting by the flaming arc lamp, or 
luminous arc, it is necessary to hang it considerably higher, which 
of course requires more expensive posts and will partially 
counterbalance the cost of the greater number of small posts. I 
think that ought to be taken into consideration in making a 
comparison of the costs. 

H. M. Friendly: I would like to make a few remarks in 
reference to street lighting by means of tungsten lamps within 
the business section of both small and large cities—remarks that 
are not at all technical, but more from the point of view of the 
ordinary citizen, the man who pays the bills. 

It has been the custom to mount these lamps in clusters on 
posts. Where the streets and sidewalks are narrow it gives the 
effect of narrowing both the street and sidewalks, and the posts 
do seriously obstruct the latter. The pedestrians must keep 
within the inner line of the posts, and these are usually set 
about eighteen inches from the outer edge of the walk, thus, in 
effect, reducing the sidewalk width by that much. 

It appears to me that an artistic and ornamental bracket 
of some kind could be easily designed, having a graceful down- 
ward sweep that would be readily adaptable to any buildings 
such as would be found along a business street, and then mount 
the tungsten clusters pendant from the outer end, which could 
be on a line with the outer edge of the walk. The lighting 
distribution would be quite as good as from posts, and the 
fixtures would be far less noticeable during the daytime. 

The arc lamps with their relatively few posts at least do not 
obstruct. the sidewalks so seriously. In the Portland business 
district, the tungsten lamp posts are a nuisance. 

G.R. Cooley: It sometimes seems that the cost of installation 
of cluster lighting is only a minor consideration. We found in 
Seattle that the property owners were very willing to stand all 
this cost themselves to be able to have this particular style 
of lighting, and it became necessary for the City Council to 
refuse to let the property owners put in cluster lighting because 
the council could not see its way clear to furnish the current 
they wanted. The people were so much taken with this system 
of cluster lighting that they were anxious to have it, and it was 
even put on streets where there were no buildings for blocks and 
blocks at the sole expense of the property owners. The council 
had to cut out some of the lights because there was no necessity 
for them there. We use the frosted ball with a tungsten light 
and have had no difficulty, and as Mr. Lindsay said, we have a 
perfectly installed system. 

W. A. Hillebrand: The title of Mr. Stephen’s paper is 
“ Arc ys. Tungsten Street Lighting in Small Towns.” I wish 
to refer particularly to small towns and especially to conditions 
on the Pacific Coast. The smaller towns in the Northwest are 
of recent growth, very recent compared with the smaller towns 
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in other parts of the country. The town has to pave its streets, 
provide sewers, sidewalks, water systems, curbs, parkings, etc., 
and I think you will find that in some places the taxes run as 
high as four per cent. *A system of ornamental street lighting 
is simply adding another expense. It seems to me that this 
matter ought to be carefully considered. 

The influence of a city like Portland can hardly be over-esti- 
mated in its effect upon all the small towns within a radius of 
one hundred miles. For instance, I fully expect to see a gradual 
and steady increase in the amount of tungsten post lighting in 
the smaller towns throughout the state, simply because Port- 
land uses that system extensively. A conspicuous example is a 
little town about forty miles up the valley, through which you 
passed on the road. I don’t know what the per capita cost of 
such a lighting system comes to, but it seems to me that it is 
highly questionable whether the average town can a:ford lighting 
of that nature. 

R. Howes: I wish to bring out one point that I do not think 
has been touched upon regarding the lighting of Seattle. The 
clusters on the main avenues consist of five lamps, one above at 
the top, and two a little lower one on each side, and two more 
still lower, one on each side, and the clusters are spaced opposite 
each other, that is, both sides of the street are lighted. I 
do not remember the exact distances between clusters, but I 
think it is about one hundred feet—not more than that. This 
arrangement of five lights prevents the casting of any shadows 
on the street by nearby poles and other structures, whereas the * 
concentrated light of arc lamps casts dark shadows on the street. 
I think that is one reason why tle Seattle lighting is so attractive 
to the people that come there. 

If strong lights are placed only at the intersections of streets, 
they light up the crossings for approaching vehicles. 

If the same amount of light were distributed uniformly along 
the street, I think that advantage would be somewhat less. 

Gano Dunn: You mean that you like the spot light at the 
street corners better than the distributive illumination? 

R. Howes: No, but I mean it brings out the crossings to the 
people riding along the street. While they may be blinded at a 
distance, as they approach the light and pass under it they can 
see on either side. If arc lights are distributed uniformly along 
the street without regard to the crossings, as is done in some 
places, the benefit of this effect is lost, just as with distributed 
tungsten lights. 

George H. Sampson: ‘The last speaker spoke about putting 
the arc lights closer. Where the street car systems have poles 
in the center of the street, the arc lights are put on those poles, 
and it gives a very fine average distribution. I should say it 
means about 100-ft. spacing. 

J. B. Fisken: I hoped when I saw the title of this paper that 
there would be quite a discussion on the lighting of small towns. 
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We have heard something about the lighting of small towns, 
particularly Seattle, and Portland and San Francisco, but there 
are other small towns that we have not heard much about. I 
agree with the author that enclosed carbon arcs are practically 
obsolete. I can endorse that statement because our own town is 
lighted that way. It happens that we have a contract calling 
for 500-watt arcs which cannot be changed until that contract 
runs out. Another statement of the author’s I thoroughly 
agree with, that it is impossible for the average man to know 
what it costs a municipal plant to do lighting. 

The company I am connected with has the distribution 
system in two small towns at present and expects in future to 
control some more. We bought a plant at Colfax, a town with 
population of four or five thousand, that is, we bought the 
existing plant. It was lighted with arc lights spaced at irregular 
intervals, and of irregular illumination. The people were very 
much dissatisfied and when we bought the plant and applied for 
a franchise we took the opportunity of getting a new street light- 
ing contract. We took it on the basis of a series of tungsten 
lighting system, the lamps being suspended across the street 
intersections. I don’t remember the details of the contract, but 
we had a certain number of 250-watt tungsten lamps spaced about 
300 ft. apart in the business part of the town, and on the out- 
skirts 100-watt tungstens at reasonably close intervals, not very 
close, but fairly well spaced. The approval which the new 
system received was very gratifying. We had a great many 
citizens come to us and say how pleased they were with the 
change. We didn’t have the brilliant spots, but the street looked 
well lighted. In another small town of about eight hundred 
inhabitants, where we installed these lamps, we followed the 
same plan and it has been very satisfactory. I would like to 
hear from any who can give experiences in other small towns. 

A. A. Miller: There is one point that I do not think has 
been brought out, with reference to the ‘‘ fenced-in”’ 
appearance of the street when it is lighted by tungsten posts. 
All depends on the point of view. The smaller towns to which 
this paper applies invest a certain amount of money in street 
lighting systems. I think the average citizen rather than feeling 
a sense of being fenced in, feels a sense of pride in being able to 
see in what he has invested his money. If one goes into a small 
town at night and sees a pleasing illumination of the main street 
by post tungstens it has a certain effect in raising one’s estima- 
tion of the progressiveness of that town. In the daytime that 
“ fence-’’ is in evidence, but I do not believe that it is displeasing. 
There I do not agree with the author. In a large city, where 
ordinances have been directed against poles carrying overhead 
wires, which ordinances resulted in underground distribution, 
that might apply. But even in our largest cities, where the 
wires have been put underground, I do not think the effect of 
a long row of well-proportioned tungsten posts is unpleasant to 
the eye, especially at night. 
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Alexander Martin: I have had some experience in the last 
few months in connection with street lighting in several small 
towns in. eastern Washington. Three of them, particularly, 
I would like to speak about—Pomeroy, Dayton and Kenewick, 
Washington. I found that in all these towns, under the old 
system before reconstruction they had 16- or 32-c.p. multiple 
lamps connected to the secondary system. In reconstructing 
the systems in these places, we replaced them with 6.6-ampere 
series tungsten lamps. At Kenewick we are using 80-c.p. at 
Dayton 60-c.p. and at Pomeroy 80- and 40-c.p. series tungsten 
and four series arc lights on the main street. In Dayton the 
city has placed 31 three-light posts on the main street, covering a 
distance, as I remember it, of about a thousand feet. This gives 
very satisfactory illumination for the main street. In the placing 
of the series tungsten lamps we are using a five-foot bracket and 
putting the poles on which the brackets are hung at the curb 
corners, the brackets coming out over the street at an angle of 
45 degrees; the brackets are placed at a distance of about. nine- 
teen feet above the ground. We are using the Cutter type of 
reflector made for this work, and find the results very satis- 
factory. 

The important consideration in all these towns is the expense. 
There are very few of them that could afford much cluster light- 
ing, and unless the business interests and people get together and 
carry most of the burden, the city cannot consider it. When it 
comes to placing the smaller lamps on the street for general 
illumination, they are able to do it, and find it gives satisfaction, 
and good lighting effects. In hanging these lamps, if you have 
an alley distributing system, it becomes necessary to have 
extra poles to take care of the brackets. With a series tungsten 
system, such as I have been describing, we use 30-ft. poles on the 
street corners, where there are no other lines at the present time, 
or are likely to be in the future. This is governed by local con- 
ditions. In other places we have to install longer poles in 
order that additional lines may be run at some future time. 
Where there are lines already on the street, we place the poles so 
that we can use them for the street lighting brackets as well. 
For the small towns it seems to me the best thing is the series 
tungsten lamp. I believe we get better results for the money 
spent, and it keeps within the limit of expense to which the 
average small town can go. While it is possible to place cluster 
lighting on a few blocks of the main street, they cannot indulge 
in much of it because of the expense. 

O. B. Coldwell: The company with which I am connected 
has service lines in a number of small communities, and it 
might be of interest to state that in a number of them what we 
would now call the old-style series alternating lamp is in use. 
The merchants of the most progressive of these communities 
have, during the last year or two, been following the lead set by 
Portland, as stated by one of the previous speakers, by clubbing 
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together and raising funds for putting in post lighting. I do not 
believe that in general, however, there is as strong a tendency to 
use post lighting for street lighting purposes as there is to install 
series tungsten lamps. I believe that for most of the instances 
I have in mind the series tungsten lamp works out to a very 
good advantage and perhaps is the best general system for the 
purposes of the small community. Conditions must always 
govern and the needs of the community have much to do with it. 

In his paper, the author makes mention of one point which I 
think should not be overlooked in this discussion, and that is the 
possible improvement which might be brought about by taking 
care of the glassware on these tungsten fixtures. Some tests 
which have been made here in Portland within the last year 
or two have shown very marked improvement from the cleaning 
and taking care of the glassware. I think increases in illumina- 
tion as high as 40 per cent have been obtained by simply clean- 
ing off and dusting the glassware without even washing it. 
I think that Mr. Murphy could give us some figures on that 
point. 

F. H. Murphy (by letter): In response to the suggestion 
of Mr. Coldwell that some of the members might be interested 
in the results of our investigation, I will state that the special 
test referred to was made in a drafting room lighted with tungsten 
lamps. The installation was not an exception in any way, but 
had the usual amount of care given to it in keeping it clean. 
Following complaints in regard to the lighting, we made careful 
tests on the plane of the drafting boards and found the average 
illumination to be 2.32 foot-candles. After dusting the installa- 
tion we made a second set of tests at the same points and ob- 
tained an average illumination of 3.21 foot-candles, showing an 
increase of 38 per cent. Had the installation been washed instead 
of dusted it would undoubtedly have increased the illumination 
from 2 to 5 per cent more. We then replaced the installation 
with new lamps of the same wattage as the old ones (which 
had burned for considerably over 2000 hours) and a third set of 
tests gave us an average illumination of 5.52 foot-candles, 
showing an increase of 72 per cent over the dusted installation 
and 138 per cent over the installation as first tested. 

Lloyd D. Gilbert: I am at present designing a cement plant 
at Oswego. I never had much experience in city lighting, but 
this is the fifth cement plant I have designed, and I have to take 
care of a good deal of outside lighting. On the El Paso plant we 
decided to cut out arc lamps and use tungsten for outside light- 
ing, and we installed, I think, sixteen clusters of four in a cluster, 
250-watt tungsten lamps. After trying them about eight months 
we had to discard them on account of the enormous maintenance. 
It was simply impossible to keep lamps in the sockets. It even 
took more time to put in new lamps than to trim arc lamps. So 
after running eight months and keeping close tab on the cost of 
maintenance, we decided to discard the tungstens and put in 
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arc lamps. I do not have the cost data at hand, but I remember 
very well that I figured at the time that I could buy the sixteen 
arc lamps and more than save their cost in a year, allowing a 
certain sum of money on each of the arc lamps for maintenance 
and for the trimming. The country about El Paso is very 
windy, and we tried every known method of supporting the 
lamps on the brackets and suspended them various ways, but 
nevertheless they would get jarred enough to break the filaments, 
and at last we had to discard them. 

Gano Dunn: What capacity were they? 

Lloyd D. Gilbert: Most of them were 150-watt, four in a 
cluster, in series on a 440-volt line. We had a few 200-watt 
lamps. What we intended to do was to have the clusters of 
four take the place of arc lamps; we spotted the poles here and 
there around the plant where convenient. We also tried a few 
single lamps inside, but the jar of the machinery caused their 
failure and we had to discard them. 

Gano Dunn: A negative experience like this is interesting. 
I think the members here would like to ask Mr. Gilbert when it 
was he did this. I once had some experience in my own house, 
where I found it was costing me a great deal to use tungsten 
lamps. Then I was asked to try some new lamps brought out by 
two different companies, and I did try them. That was a year 
ago. I have not had a single one break since. Because there is 
so much difference in the manufacture of the older lamp and the 
new lamp, it would be important if Mr. Gilbert would state 
whether or not the lamps he speaks of were made within the last 
six months, or when. 

Lloyd D. Gilbert: They were made over a year ago. About 
January, 1911, was when we decided they were a failure after 
an eight month’s trial. I had been determined to make them a 
success in order to get rid of the arc lamp, which gave us more or 
less trouble around the plant, on account of the dust and smoke, 
but after giving the tungstens a fair trial, we decided that they 
were a failure. Our cost would be, some months, $80 to $85 for 
lamps alone, which absolutely prohibited the use of them. 

O. B. Coldwell: I think that perhaps Mr. Gilbert’s exper- 
ience at El Paso was a little out of the ordinary in that the 
installation of four lamps in series on a 440-volt circuit, espec- 
ially lamps of the 150-watt type, should be different from the 
ordinary installation as practised in city street lighting, or even 
in store lighting or elsewhere in the city, his plant being an 
industrial plant with a type of circuit adapted to the motors 
operating the cement mill. I believe the manufacturing com- 
panies now supply special lamps for series lighting and for 
multiple lighting, making a distinction between the two. Whether 
they have gone so far as that to make that distinction in lamps 
of the candle power or wattage Mr. Gilbert used, I do not know. 
I know that in the case of small lamps for sign lighting they make 
the distinction, and I have an idea that had Mr. Gilbert’s 
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installation been made within the past few months, his success 
would have been much better. 

F. H. Murphy: I have observed many tungsten lamps that 
should have broken long before they did for the benefit of the 
consumer. Tungsten lamps have a rated life of 1000 hr., but I 
find many installations that have actually burned 3000 hr., which 
would hardly make them seem excessive in cost, and I have 
found that to be true, not only of the newer type of lamp, but 
also of installations of the former type pasted filaments. 

A. A. Miller: I would like to ask Mr. Gilbert whether or not 
these lamps were pasted filaments or the wire-drawn filaments. 

Lloyd D. Gilbert: I cannot tell you now; I know that I got 
the best tungsten lamps that could be obtained at that time, and 
I believe they were wire-drawn; I am not certain. 

J. B. Fisken: There are two things that occurred to me in 
connection with this matter. I heard recently of a case where 
rapid destruction of tungsten lamps had been traced to a feather 
duster, and there was no question about it. The charwoman of a 
school was in the habit of going through the school rooms and 
dusting off the lights, and the lamp breakage was very great. 
That was one case. In our own practise, we get some very 
peculiar results in summer, when it is very dry. ‘ We were install- 
ing a distribution system in a small country town and, although 
the nearest live wires were twenty miles away, the wires would get 
so charged that the men could hardly work on them. That is the 
second case. It seems to me that there might be a connection 
between those two. If the dust were highly electrified, then, in 
turning on the current, there might be a strong attraction of the 
filament to the dust-covered bulb which would result in the 
complete destruction of the filaments. I do not know whether 
Mr. Gilbert’s filaments were simply broken or completely 
destroyed. 

Lloyd D. Gilbert: Most of them were broken. Sometimes the 
globe would be turned black, when part of the filament had been 
jarred off. In most cases the filaments would break, simply 
cease to burn. We found the main cause to be the jar of the 
wind. You know it is a pretty windy country down there in 
Texas. They say down there that it blows so hard it blows the 
chickens up against the barn and starves them to death. Fora 
system of lighting plants in a windy country, I do not think you 
can install tungstens and make them work. 

Gano Dunn: I saw some wire that was about the size of human 
hair, and was cautioned against trying to break it because it 
would cut like a knife. It had a tensile strength of over 6000 lb. 
to the square inch and that wire was a tungsten; it was slightly 
alloyed. It ishard to realize that a substance so marvelously 
strong and slightly alloyed and even when not slightly alloyed 
so enormously hard as tungsten is, could be so weak under the 
circumstances in which it is used ina lamp. The tungsten filament 
has jugt gone through a stage in its manufacture from a process by 
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which the earlier lamps were made and under which they were 
almost useless for practical purposes to a process which has made 
them wire-drawn filaments, which in the opinion of practical men 
has increased their working strength ten times. It also has 
decreased their cost, and I should greatly deplore seeing tungsten 
lamps discarded or their use discontinued on account of the 
weakness of the filaments. I regard it as a temporary stage 
through which they have already gone and I believe that if Mr. 
Gilbert should make his installations now, he would not have that 
trouble. 

R. Howes: The series lamp is usually a low-voltage lamp, 
whereas in using a multiple lamp there is a smaller filament of 
much greater resistance, so that I do not think 110-volt lamps 
used in a series should be compared with the tungsten lamp 
ordinarily used in series lighting, where four or six amperes 
are used in the circuit. I was recently asked to advise a small 
town up on the border in Washington, and upon learning the 
amount of money they had provided I found there was nothing 
that could possibly be gotten with the money they had and 
provide the number of lights desired, except series tungsten 
lamps, and they had to use 40-watt lamps, at that. Regarding 
the case given by Mr. Gilbert around a cement plant there is a 
great deal of noise, which is a type of vibration, and while it 
might not affect, very much, people that are in the habit of 
living there, at the same time’a new arrival notices the great 
amount of noise, and probably the sensitive filaments also are 
affected by it to a very large extent. 

A. G. Jones: I would like to ask Mr. Dunn if the wire that 
he referred to as being so strong that it would cut the hand, 
had had a current passed through it. My idea is that after the 
tungsten has been burned several hours, it materially weakens, 
and after current has been passed through it several hours it is 
very delicate. 

Gano Dunn: The wire that I spoke of had not been used. It 
was wire to be used for mechanical and not electrical purposes. 

A. G. Jones: I had a piece of tungsten filament that was 
intended to be used in a 110-volt lamp and attached it to a 
chair of average weight, and it lifted it up without any trouble, 
but if you should attempt to take a filament out of a lamp that 
has been sealed and is ready for use, you would probably break 
it which would illustrate the difference in tensile strength after 
it has been used. F 

Lloyd D. Gilbert: Another word regarding the installation 
I spoke of. We had a number of single lamps working on a 
110-volt circuit. We had ten or twelve departments and we had 
one over each one of the doors at the main entrance. These 
lamps were supported on a gooseneck made of 24-in. pipe. We 
also had probably a dozen and a half of them working singly 
on the 110-volt circuit inside. It was either the noise or the 
vibration from the winds that caused their destruction. Atl 
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behaved alike. Almost every evening when we would turn on 
the lights there would be four-or five out. And we had good 
regulation on that circuit, with no variation to speak of, as 
we had our own power house in which we had installed two 
750-kv-a. steam turbines, with automatic voltage regulator. 

L.B. Cramer: We are using tungsten lamps for train lighting, 
principally as an experiment at present; our trains are run over 
city streets to the terminal and cross about twenty street-car 
crossings in running over the last one and one-half miles of 
track. There is a considerable jar at some of these crossings, 
but the wire-drawn filaments in the tungsten lamps that we are 
using have sufficient strength to withstand shocks of this. sort 
without breaking. We are using 120-volt lamps, five connected 
in series. 

For this reason I am inclined to believe that there is something 
else back of the trouble that was experienced at the cement plant, 
other than a Texas wind. 

Gano Dunn: I might add that just before I came away from 
New York the superintendent of motive power of the subway 
road in New York, Mr. Stott, pastpresident of the Institute, told 
me that after running for some time, the tungsten lamp proved 
a great success, and practically no difficulty was found in 
maintaining the lamps. They gave enormous advantages from 
the point of view of good illumination. I think the figures were 
something like this: with a 10 per cent drop in the voltage due 
to the starting of the trains, tungsten lamps dropped perhaps 
20 per cent in brilliancy; with the same voltage drop the carbon 
lamp dropped, I think, 60 or 70 per cent; the difference could 
not be compared. The introduction of the tungsten lamps on the 
trains has given great satisfaction to the public, and they 
remain steady where the carbons used to drop out and break. 

H. V. Carpenter (by letter): It seems to me that we need to 
recall the discussions which followed the commercial introduc- 
tion of the telephone and, later, the wireless telegraph. Each 
of these was expected by many to displace the telegraph, but 
soon found a field of its own. The tungsten lamp has already 
proved best for the inexpensive lighting demanded in scattered 
residence districts and in small towns where a lower standard 
is acceptable, and also in the opposite field of high-class business 
district lighting where a decorative effect is desired both day and 
night. It is quite possible that the arc will hold its place in the 
large field lying between these two requirements, and the easy 
combination of arcs and series tungstens, on the same circuits, 
if desired, leaves little reason for choosing one to the exclusion 
of the other. 
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AUTOMATIC PRIVATE BRANCH EXCHANGE DE- 
VELOPMENT IN SAN FRANCISCO 


BY GERALD DEAKIN 

A few years ago, the majority, in fact a very large majority, 
o: those interested in the technical aspect of the telephone, con- 
sidered what is now well known as the automatic telephone, 
impracticable for central office service, even in single office dis- 
tricts. This erroneous idea has long since been dispelled by the 
installation and subsequent satisfactory operation of numerous 
extensive automatic systems, many of which each include a num- 
ber of large central offices. Following the satisfactory develop- 
ment of the central office, it was soon realized that a great 
saving could be made in the exterior cable plant, if small 
unattended or partially attended sub-offices, as they are now 
called, could be built, to give efficient and economical ser- 
vice. It will suffice here to say that the experiment was tried 
with the result that the sub-office is now considered a necessary 
adjunct to the automatic central office. The purpose of this 
paper, is to show that the unattended sub-office is by no means 
the limit of subdivision and that such subdivision has now been 
successfully extended to include two somewhat distinct types of 
private branch exchanges, one adapted to meet the requirements 
of apartment houses and family hotels and the other the more 
exacting requirements of all classes of commercial organizations 
and business houses. The most noticeable difference between 
the two is that the former is arranged, apart from some minor 
features, to give “in ’’ and “ out ” exchange service only, while 
the latter is arranged to give “local inter-communication’”’ as 
well. The automatic system has not as yet been applied to the 
larger commercial hotels where the total annual cost of the equip- 
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iment involved is gteat in comparison with the possible fevenue. 
At the ptesent time, the fitst cost of automatic appatatus 
prohibits its genefal use in such places. 

In the following pages, an attempt has been made to desctibe 
briefly, the apartment house and the commercial automatic pri- 
vate branch exchange systems, as developed by the Bay Cities 
Home Telephone Company, for general use in San Francisco, 
and the materials and apparatus involved; also their advantages 
and disadvantages, and their first and annual costs, compared 
with the well-known manually operated private exchange. 


Apartment House Automatic PrivATE BRANCH EXCHANGE 


The first exchange of this character installed in San Francisco 
was placed in service December 12, 1910. Since that time, 24 
additional installations have been made. ‘These exchanges now 
serve a total of 727 stations, an average of approximately 29 
stations per exchange. The maximum installation is 70 sta- 
tions and the minimum 11 stations. Each installation includes 
a small portable automatic switchboard and storage battery. 
The former contains the call forwarding and receiving apparatus 
and a meter for each apartment. The switchboards are installed 
adjacent to the terminus of the house wiring. The majority of 
installations have been made in unfinished basements with con- 
crete floors, and in these locations the switchboards have given 
very satisfactory service. Other switchboards have been placed 
in small closets and in other locations having no particular value 


for other purposes. The apartment telephones differ in no way ~ 


from the usual main line automatic sets. The public telephones, 
installed in some of the larger apartment houses, consist of sim- 
ilar sets equipped with coin machines, Fig. 1. An instrument 
called the ‘‘ house telephone,” Fig. 2, installed in or adjacent to 
the office, landlord’s or janitor’s quarters, as the case may be 
affords a means of intercommunication between each apartment 
and the head of the house. Vestibule and tradesmen’s entrance 
telephones are included in many of the installations. Each in- 
stallation made in a family hotel also includes a small receiving 
cabinet, Fig. 3, and a service meter cabinet, both of which are 


placed in the office of the hotel. The former provides a means 


whereby the public may call guests through the office in case the 
room number is not known. The latter places the meters under 
the supervision of the clerk and permits the rapid settling of 
accounts in case of transient guests, ; 
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The distinctive features of the apartment house automatic 
private branch exchange may be briefly outlined as follows: 


1. Affords a comprehensive telephone system in which a branch ex- 
change operator or attendant is not required. 
2. Affords each apartment metered and direct “ out ’”’ exchange ser- 
vice. 
3. Affords each apartment direct ‘‘in exchange service. 
4. Affords each apartment 24-hour service. 
5. Affords each apartment the equivalent of main line service. 
6. Affords each apartment secret service. 
. Affords each apartment a means of intercommunication with the 
head of the house. 
8. Affords each station direct service from vestibule and tradesmen's 
entrance. 
9. Affords automatic pay station service for the public. 
10. The switchboard may be placed in any convenient and reasonably 
dry location. 


J 


DESCRIPTION OF OPERATION 


Outgoing Exchange Calls. A subscriber, when making an ex- 
change call from an apartment, removes receiver from hookswitch 
and listens for the “‘ busy tone,’ which if heard, indicates that 
alltrunks areinuse. Failing to get the busy tone, the subscriber 
proceeds to call the number of station wanted by turning the 
dial ina manner! now well known in automatic telephone practise. 
The call bell at the distant station rings intermittently until the 
party called answers or until the party calling hangs upin case the 
party called does not answer. When the distant station answers, 
the meter associated with the calling line operates, and registers 
one call; under no other condition will the meter operate. 
Should the station called be busy, the usual tone indicating this 
will be heard. When the calling subscriber hangs up, the connec- 
tion is released. Calls to information, complaint or other depart- 
ments of the telephone company, are not registered. 

Call to House Telephone. To make a call from an apartment 
to the house telephone, the subscriber calls a predetermined 
number, such as C—05, the circuit conditions thus and only thus 
established automatically transfer the out-trunk from connec- 
tion with the central office to connection with the corresponding 
answering button on the house telephone, which telephone is 
equipped with a key of the well known intercommunicating type, 
wlth a button for each working out-trunk. Adjacent to each 


1. See W. L. Campbell, A Modern Automatic Telephone Apparatus, 
Transactions A. I. E. E., 1910, XXIX, I, p. 55. 
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button, is a small signal lamp. Should the call happen to be 
made on out-trunk number 2, the lamp opposite button number 
2 will light, and at the same time a buzzer will sound. The 
proprietor, manager or janitor, as the case may be, in answering 
depresses the button opposite the lamp burning, thereby extin- 
guishing the lamp and causing the audible signal to cease. The 
connection is now established. The circuit of the house set is 
such that it can be connected to an out-trunk only when the 
associated lamp burns. In this way, secrecy is secured. It 
should be noted that no central office apparatus is involved or 
tied up in the completed connection. The subscriber’s meter 
does not register these calls. 

Incoming Exchange Calls. In the directory listing of apart- 
ment house automatic systems, the telephone number of each 
apartment is divided into two parts, as for example, C5517—43 
The first part of this number, namely C5517, pertains to the 
apartment house and the second part, namely 43, to the individ- 
ual apartment, and where possible, coincides with the apartment 
number. In calling the apartment, whose telephone number is 
that just given, the subscriber calls the first five digits in the usual 
manner, and in so doing automatically selects an idle in-trunk 
to the apartment house switchboard, there terminating the par- 
tially completed connection upon the associated connector. The 
last two digits when .called, cause the connector to select and 
ring the apartment whose telephone number is 43. For the in- 
formation of the public, the telephone company maintains a 
record of names of the occupants of allapartments. In this man- 
ner, the information bureau of the telephone company removes 
the burden of inquiries from the management of the apartment 
house. 

Calls to patrons living in family hotels may be made as above 
described where the full telephone number is known or can be 
ascertained. When direct calling is not convenient, the call may 
be made through the receiving cabinet, the telephone number of 
which is always listed. A call of this nature is indicated at the 
receiving cabinet by the burning of the lamp associated with the 
in-trunk involved in the connection. The attendant, in answer- 
ing throws the associated answering key and is placed in direct 
communication with the calling subscriber, and after ascertaining 
the name of the party wanted, extends the call automatically to 
the proper station. When the called party responds, the answer- 
ing key is restored to its normal position. This removes the 
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attendant from any further control of the connection, which is 
released automatically when the calling subscriber hangs up. 
The attendant cannot listen on any completed connection, 
whether made direct or through the cabinet. 

Incoming Calls from Local Telephones. The house, vestibule 
or tradesmen’s telephones are not adapted to originate or receive 


-exchange calls. Local calls to various apartments, however, 


may be made by calling on the dial, the two digits representing 
the number of the apartment wanted. 

Pay Station Calls. All exchange calls to and from the pay 
station telephone may be received and made in the usual manner 
provided that on outgoing calls a coin is deposited before. or 
after calling, depending upon the character of the coin machine. 
Both prepayment and postpayment automatic machines are in 
use. 


COMMERCIAL AUTOMATIC PRIVATE BRANCH EXCHANGE 


The first commercial private branch exchange of the automatic 
type installed in San Francisco, was placed in service May 27, 
1911. Since that time 10 additional installations have been 
made. These 11 exchanges serve a total of 420 stations, an 
average of approximately 38 stations per exchange. The largest 
installation is 75 stations and the smallest nine stations. Each 
installation includes a portable automatic switchboard and stor- 
age battery similar to those placed in apartment houses. The 
switchboards, however, contain apparatus for local intercom- 
munication as well.as for in and out exchange service. A receiv- 
ing cabinet, Fig. 4, adapted to receive and distribute incoming 
calls, which for one reason or another, are not made direct, is a 
necessary part of every commercial installation. 

The salient features of the commercial automatic private branch 
exchange, may be briefly stated as follows: 

1. Eliminates all operators and switchboard attendants, except those 
required for strictly information purposes, thus effecting a direct saving 
in operator hire either by eliminating the operator or by assigning her 
other duties. 

2. Affords rapid and direct intercommunication between all local sta~ 
tions. , 

83. Affords direct ‘‘in’’ exchange service. 

4. Affords direct and metered ‘‘ out ’’ exchange service. 

5. The full value of the system is available 24 hours each day and every 
day in the year. 

6. Instantaneous disconnection upon hanging up, thus permitting the 
making of a number of successive calls in the shortest possible time... © 
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7. Each station is afforded the equivalent of direct main line service. 

8. All connections, local and otherwise, are strictly secret. 

9. Eliminates the necessity of other means of rapid intercommunica- 
tion, now so common with manually operated private branch exchange 
switchboards. 

10. Combines rapid intercommunication with regular telephone ex- 
change service. : 

11. Automatic restriction of any station, to local service, thus preven- 
ting the abuse of outgoing exchange service. 

12. But two wires are required per station, thus permitting the redis- 
tribution of telephones at a minimum cost. This point should not be over- 
looked when comparing the operating costs and flexibility of the automatic 
system with other systems requiring key buttons and other apparatus, — 
necessitating the running of many wires to each station. 

13. There is no limit to the size of any private exchange. 

14. Any number of private exchanges may be interconnected and oper- 
ated as one system, all, part, or none of which may have exchange service. 


DESCRIPTION OF OPERATION 


Local Calls. In a commercial private exchange of a capacity 
not greater than 90 stations, any station may call any other 
station by calling on the dial, the two digits representing the 
number of the station wanted. Thus a station would call the 
digits 2 and 5 to effect a connection with station 25. The bell 
at the station called, rings until the call is answered or until the 
calling party hangs up in case the call is not answered. Should 
all “‘ mechanical operators ”’ or the called station be busy, the 
usual busy tone will be heard. A connection is released 
when the calling subscriber hangs up. Where the capacity of 
a private exchange system exceeds 90 stations, three digits must 
of necessity be called in place of two. 

Outgoing Exchange Calls. To make an exchange call, the pri- 
vate branch exchange subscriber first calls the digit “0” to 
effect a connection with an idle out-trunk, and then the number 
listed in the directory. Should all out-trunks be busy, the busy 
tone will be heard as soon as the digit 0” is called. Each 
completed outgoing exchange call is registered upon a meter 
located in the central office and associated with the out-trunk 
involved in the connection. Calls to the telephone company’s 
information and other departments, are not registered. Any lo- 
cal station may be restricted to local calling, that is, the station 
may not originate exchange calls, although it may receive ex- 
change calls. 

Incoming Exchange Calls. Incoming exchange calls may be 
made direct to any local station. To facilitate this, each local 
station, or such of them as the public may have occasion to call 
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afe listed in the directory. The directory number, as for apart- 
iment house systems, imust consist of two parts, the first part in- 
dicating the private exchange as a whole, and the second part 
the local station number. Any call, which from the lack of in- 
formation ot otherwise, cannot be made direct to the proper local 
station, may be directed to the receiving cabinet, and when so 
directed causes a lamp associated with the particular incoming 
trunk involved in the connection, to light. The operator, when 
answering, throws an associated answering key and obtains such 
information from the calling subscriber as may be necessary, 
after which the call is automatically extended to the proper sta- 
tion. The answering key remains thrown during this operation 
and in fact until the operator has finished with the call. Should 
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the operator find it necessary to transfer the call, she may release 
* the local connection and then reéstablish it with another station. 
When the proper party has been located, the operator restores 
the answering key to its normal position, which places the calling 
and called subscribers in direct communication with each other 
and makes further supervision on her part unnecessary. The 
connection releases when the calling subscriber hangs up. 
Some Special Applications. The ease with which the auto- 
matic system may be adapted to meet special conditions, is 
indicated to some extent by the arrangements made to handle 
calls in installation 15, A line and trunk diagram of this instal- 
lation appears in Fig. 5. The system comprises an atitomatic 
switchboard, a receiving cabinet and a plurality of special port- 
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able sets located in the complaint department, approximately one 
mile from the central offices. The complaint department and 
the general offices have different numbers, and so far as 
the public is concerned, are separate exchanges. Prior to 
the installation of this system, experience had shown that 
many complaints were directed to the complaint department 
which should have been directed to some department in the gen- 
eral offices. To handle such calls, the automatic equipment has 
been adapted to permit any misdirected call to be extended 
through the automatic private exchange switchboard to the 
proper department. The complaint clerks are merely required to 
call the two digits representing the station wanted. Similarly 
any call directed to the receiving cabinet may be transferred to 
the complaint department. . 

In another installation, four closely associated companies are 
served by the same switchboard. Each company has a sepa- 
rately listed receiving cabinet, but all make use of a common set 
of in- and out-trunks. Local intercommunication between the 
tour companies is given on a two-number basis. 


SWITCHBOARD EQUIPMENT 

The individual pieces of automatic apparatus represent the 
latest development in switches of the Strowger and Keith types. 
A description of these switches as applied to central and sub- 
offices, will be found in the paper? by Mr. W. L. Campbell. To 
avoid repetition, mention is made here only of those features and 
adaptations which have especial reference to the automatic 
private exchange switchboard. To meet all demands, three sizes 
of switchboards have been developed with capacity for 25, 50 and 
100 lines, respectively. The 25-line switchboard, Figs. 6A, 6B, 
6c and 6p, is 21 in (51.3 cm.) square and 3 ft. 9 in. (1.13 m.) 
high. The 50-line switchboard, Figs 7a and 7B is 21 in. (51.3 
cm.) square and 5 ft. 7 in. (1.6 m.) high. The 100- line switch- 
board, Figs. 8a and 8p, is 2 feet 8in. (81 cm.) wide, 21 in. as: 
cm. deep and 6 ft. 9 in. (2 m.) high. Each switchboard isa com- 
plete unit by itself and contains all apparatus necessary for its 
proper operation. The cabinets are fire-proof, dust-proof and 
as nearly moisture-proof as possible. It has been found that 
variations in temperature, at least those met with in San Fran- 
cisco, do not materially affect the operation of the switches. 
Dust and appreciable moisture, however, make their presence 
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known at once. The charging circuit of some of the larger 
storage batteries, include one or more small resistance lamps. 
These, when placed in the cabinet, have proved effective in ex- 
pelling moisture. 

Each apartment house switchboard is equipped with a suffi- 
cient number of Keith line switches and service meters to provide 
one of each for each apartment. There is also provided acon- 
nector of the Strowger type for each in-trunk and for the 
house telephone. In the commercial switchboards, a line switch 
without service meter is provided for each station, a connector 
for each in-trunk and a sufficient number of ‘‘ mechanical oper- 
ators’ to handle the local and out-trunk traffic. The relative 
locations of all equipment will be seen at a glance in the figures 
previously referred to. A 25-line board will accommodate 
eight large switches, a 50-line board 12 and a 100-line board 18. 

The line switch banks in the apartment house switchboards, 
Figures 6A, 7A and 8A, are connected to two-wire out-trunks, 
which trunks terminate at the central office on primary line 
switches, and these in turn on secondary line switches and finally 
on first selectors. The act of removing the receiver from the 
hookswitch causes all three line switches to plunge in simul- 
taneously. Each out-trunk circuit includes a train of relays, 
which relays, under certain conditions established as before men- 
tioned, only when a certain number is called, are adapted to dis- 
connect automatically the private exchange end of the out-trunk 
from connection with the central office apparatus and in place 
thereof connect it to the house telephone, Fig. 2. All line switch 
banks are multipled and each bank has capacity for 10 out-trunks, 
that is, each line switch has access to this number of trunks. 
Under ordinary conditions, one master switch controlling access 
to 10 trunks is sufficient. Should, however, the traffic be heavy 
enough in the larger boards to require more than 10 trunks, ad- 
ditional master switches may be added so as to provide as many 
as 10 out-trunks for each 25 line switches. The trunk connectors 
on the reverse side of the switchboard, Fig. 7B, are directly 
connected to two-wire in-trunks, which trunks at the central 
office appear in a multiple before the proper selectors. All 
apartment lines are multipled through the connector banks. 

In commercial private exchange switchboards, the line switch 
banks, Fig. 64, are wired to the “ mechanical operators.’’ The 
‘mechanical operator,’’ as it has been called for the lack of a 
better name, is a switch in which the functions of the selector and 
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connectorsare combined. This switch operates as a connector 
in establishing two-number local connections. It supplies the 
necessary current for central energy speech transmission and 
automatically rings the call bell at the called station. When the 
digit ‘‘0”’ or other proper predetermined number is called, the 
switch is automatically converted into a selector and rotates 
automatically until an idle out-trunk is selected, after which it 
affords a clean pair of wires free from all bridged relays and other 
coils, for the transmission of the subsequent impulses. By a 
very simple change in line switch bank wiring, the switch restricts 
the local thus changed to local service. Should an exchange con- 
nection be attempted by a restricted station, the switch will 
release when the trunk “‘ level ’’ is reached. 

The development of the mechanical operator has greatly sim- 
plified the design of the commercial private exchange, in fact it 
has made the commercial private exchange possible, for without 
it, not only would the cost and size of the switchboard be in- 
creased, but local calling on two digits, a valuable asset of the 
present switchboard, would not be possible. The banks of the 
mechanical operators include a multiple of all local lines as well as 
a multiple of the out-trunks, which trunks are usually connected 
tothe ‘‘0’’ level. The out-trunks terminate in the central office 
on line switches, as do those from apartment house installations. 
The in-trunks from the central office pass through a normally 
closed circuit in the receiving cabinet to the connectors, the 
banks of which are multipled with those of the mechanical op- 
erators. The in-trunk connectors may be provided with a ‘‘back 
release ’ whereby any connector may be released by either the 
calling or called subscriber. Such a release circuit makes it 
possible to transfer a call from one local station to another with- 
out requiring the calling subscriber to disconnect. The calling 
subscriber is merely required to call the two-digit number of the 
second station, after the station first called has hung up. This 
latter act causes the connector in the private exchange switch- 
board to release; the remainder of the connection in the central 
office, however, is not released until the calling subscriber hangs 
up. The receiving cabinet, Fig. 4, in each exchange is assigned 
some particular number, which, when called through a particular 
connector, results in the lighting of the lamp associated with that 
connector. The function of the receiving cabinet circuit is to 
release the connector from the connection with the receiving 
cabinet contacts and cause it to select, as directed, the bank con- 
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tacts of the desired station, leaving the circuit conditions, after 
the receiving operator has cut out, the same as if the call had 
been made direct from one station to the other. The noticeable 
feature about the receiving cabinet is its simplicity. Nocords, 
plugs or jacks are required, merely two keys and a lamp for each 
in-trunk. 

One hundred lines is by no means the limit of the automatic 
private exchange. Beyond this limit, however, the use of three 
or more digits is necessary. The switchboard cabinets have been 
designed with a view of permitting them to be lined up and oper- 
ated as one switchboard, a condition always to be met in office 
buildings. 

Each switchboard is wired and arranged for over-flow meters 
installed from time to time, to determine the sufficiency of the 
facilities provided. Three meters are required for commercial 
installations, one adapted to record the attempts made tocall when 
all mechanical operators are busy, another the attempts made 
to call when all out-trunks are busy, and another the attempts 
made to call when all in-trunks are busy. Meters are also pro- 
vided to register the total in, out and local calls. Commercially, 
the ability to take such readings is of great value to the telephone 
company as it affords something definite to offer the subscriber 
as an argument why inadequate facilities should be increased. 
Each board is assembled and tested before leaving the shop so 
that the labor required to install one of them is not much 
greater than that required to install the corresponding manual 
switchboard. 


CURRENT SUPPLY AND SUPERVISION 


The source of direct current required for the operation of an 
automatic private exchange switchboard and for central energy 
speech transmission, must afford a fairly uniform and constant 
potential, a condition not so essential for the proper operation of 
a manually operated private exchange switchboard. It must 
also be capable of supplying comparatively large currents for 
short intervals, for the intermittent operation of the motor and 
release magnets, some of which require as much as an ampere and 
a half. It is quite possible that the simultaneous operation of 
a number of switches might result in a call for five or six amperes, 
which, in telephone private exchange work, is considerable. 
These currents, however, are required for periods on the order of 
a second, and therefore, do not involve much energy. Inter- 
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mittent currents of this nature tend to reduce the potential of 
the supply at the switchboard busbars and make the speech trans- 
mission circuits noisy, and therefore must be taken into con- 
sideration as a factor in determining the character of the current 
supply. It has been found that automatic switches can be ad- 
justed to operate positively within a range of potential varying 
from approximately 45 to 55 valts, providing that all switches 
are adjusted at normal potential of 48 to 50 volts. 

The foregoing requirements have all been satisfactorily met 
by installing small portable storage batteries within a few feet 
of each switchboard. These batteries each consist of 23 elements 
contained in rubber jars, the whole mounted in a substantial oak 
carrying case, with the intervening spaces filled with an insulating 
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and acid-proof compound so that should a cell become cracked, 
the electrolyte will not escape. Such a battery is shown in Fig. 9. 
The case is made nearly fume-proof, so as to permit the battery 
to be placed, without objection, in an office or other occupied 
quarter. Hach battery is given its initial charge in the ware- 
house or shop, which, together with the fact that the terminals 
are brought out to end cell switches, permits the immediate in- 
stallation of the battery upon delivery. The end cell switches 
are used chiefly as a means of obtaining the normal potential 
when adjusting switches. Intermittent charging of a storage 
battery results in high and low potential values. To eliminate 
such variation as far as possible, the batteries are floated on ap- 
proximately constant currents, which currents are adjusted to 
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meet the 24-hour requirements of their respective installations. 
Providing the floating or charging current is made sufficient, the 
smallest size of commercial battery can be made to handle the 
largest exchange. From the standpoint of economy, however, 
the capacity of the battery should be such as to permit it to handle 
the peak loads of the exchange, without requiring an increase 
in the normal day and night floating currents, in case the two 
are not the same, to prevent a serious drop in potential. From 
the information available at the time the first installations were 
made, it was calculated that economical results could be obtained 
by the use of batteries having the following ampere-hour capacity. 
The results obtained to date have been very satisfactory and so 
far have not warranted other assumptions. 


Total in, out and Capacity of 
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The foregoing figures ailow for contingencies in the way of ab- 
normal traffic and trouble. 

The current supply and signal circuits of a typical installation 
are shown in Fig. 10. It will be seen that the storage battery 
receives its charging current from the city 110-volt direct-current 
lighting mains, which current may be supplied locally, or as is 
preferable, over an idle cable pair from the nearest central office. 
When supplied in this latter manner, the current may be regula- 
ted with ease. The circuit affords the wire chief at the central 
office complete supervision of the power supply and a ready 
means of obtaining voltage readings. All important pieces or 
groups of pieces of automatic apparatus on each private branch 
switchboard are served by separate fuses of the alarm type. 
The fuses are of low capacity, so that should a switch stick, or 
otherwise permanently close a low-resistance circuit through 
some motor magnet, or create a short circuit, the corresponding 
fuse will blow and give the alarm at the central office. The wire 
chief, by the proper manipulation of his testing circuit, not shown 
in the figure, may remove the current supply from the switch- 
board and in this way often release a sticking switch. Further- 
more, the guard relay at the central office is adjusted to operate 
should the difference in potential between the private exchange 
and central office batteries exceed three volts. 
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The curves plotted in Fig. 11 show the potential variation at 
the switchboard terminals, of two six-ampere-hour batteries, for 
a period of seven months. The average continuous charging 
current in each case was approximately 0.1 of an ampere. It 
will be seen that in no case did the potential vary beyond the 
limits previously given. The voltage readings of all batteries 
are taken and recorded at 8 o’clock every morning and the curves 
just mentioned are plotted from these readings. - These curves 
may be applied to all apartment houses without serious error 
and to other installations where the volume of daily traffic is more 
or less constant. The traffic, however, in most commercial in- 
stallations, originates almost entirely between the hours of eight 
in the morning and six in the evening, and on working days only. 
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At other times, the traffic is almost negligible. This condition is 
very clearly illustrated by the potential curves, Fig. 13, which 
apply to a 24-ampere-hour battery serving a large commercial 
installation, handling approximately 1250 calls of all classes per 
working day. In this particular case, the best results were ob- 
tained by adjusting the continuous charging current during 
working hours, to from 0.5to0.8 of an ampere, and during nights 
and holidays to from 0.1 to 0.3 of an ampere. Both these and 
the following curves are plotted from readings taken at 15-minute 
intervals. The potential curves shown in Fig. 12 apply to a 
storage battery installed to take care of an automatic switch- 
board in a large newspaper establishment. Here the best results 
were obtained by floating the battery continuously on a current 
of approximately 0.35 of anampere. This is one of the compara- 
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tively few commercial installations in which the traffic is con- 
siderable during the night hours. 

The routine adhered to in maintaining these small and isolated 
batteries, is to record their voltage readings at the central office 
daily and to take the specific gravity of the pilot cell once in 
every two weeks and the specific gravity of each cell once in 
every twomonths. This plan does not involve any great amount 
of labor, but it effectively prevents the condition of any battery 
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becoming serious, without ample warning. The particular bat- 
tery used in the installation handling the heaviest traffic, has 
been in service five years. Prior to its installation in its present 
location, it was used by the construction company, for a similar 
purpose, during the building of the independent telephone plant 
in San Francisco. 

SOME TRAFFIC DATA 


Local calling, in the commercial exchanges, affords some inte: 
esting data regarding the capacity of the mechanical operators 
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to handle a heavy traffic. While these installations are limited 
in number, they are, however, all made in representative organ- 
izations, which, for the most part, are among the largest and 
most important of their kind. The hourly traffic of five instal- 
lations is graphically shown in Figs. 144 and 148. Curves for the 
same installation, but for different days, show an unexpected 
similarity. It will be seen that the traffic of installation 21, a 
large daily newspaper, continues pretty well through the night, 
in fact the busy hour is so included. On the other hand, the 
traffic of the remaining installations originates almost entirely 
between the hours of eight in the morning and six in the evening. 

A total of three hundred or more observations were taken at 
seven of the commercial installations in order to determine the 
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Fic. 148—Hourty TrRAFFIC—ORIGINATED CALLS 
Installation No. 21, newspaper office 


average length of conversation and the speed of operation on 
local connections. The average results in seconds for each instal- 


lation are given below. 


Installation To call To answer Talking Total 
number 
poe: oS | ee | ae ee, | | 
15 2.17 10. 59.6 rales 
19 2.2 7.2 62.4 71.8 
21 j 2.2 10.4 54.2 66.8 
30 1.9 Tf 33.5 46.4 
31 2.0 9.7 54.5 66.2 
32 1.8 12 32.1 45.9 
35 2.4 ifot! 41.5 51.6 
Average 2.1 9.7 48.2 60.0 © 


382 DEAKIN: AUTOMATIC EXCHANGE [April 1 


In the second column of this table is given the elapsed time 
between the removal of the receiver, as indicated by the plung- 
ing in of the line switch, and the selection of the line called, as 
indicated by the stepping of the side switch of the mechanical 
operator into its third or final position. The average time required 
to answer is given in the next column, and in the next two 
columns, the average length of conversation and the total elapsed 
time, respectively. It will be seen that the average time re- 
quired to establish a connection between the calling and called 
lines is but 2.1 seconds. Compare this with 3.5 seconds, the 
average time required by an ‘‘ A ”’ operator in a well maintained 
manual system, to answer a call under normal operating con- 
ditions. This latter figure, furthermore, applies to central offices of 
the most modern type, and it will be admitted without argument 

that the average time of answering in manual private exchanges, 
in which heavy overloads are frequent, is much longer. From 
these remarks, it will be seen that it takes less time to establish 
a local connection in an automatic private exchange system 
than is required by an operator to even answer a call in a manual 
system. 

The following represents the average performance of the me- 
chanical operators of installation No. 15, a typical traffic curve 
for which is shown in Fig. 14a. 


Number of mechanical operators......... 8 
Numbetrotistationst:. < erence eee 75 
Originated calls per working day......... 1150 
Average rate of calling per station per 

WOTKINGMLAY sank see ote tts etree cee 15.3 
Onginatedicalleybusy hours. »...+s0s eros 180 
Ratio, busy hour, to entire day.......... 15.5 per cent 
Originated calls per mechanical operator 

per busy Hours wee eine ones 22.5 
Originated calls per month of 26 days..... 297900 
Average overflow calls per month,........ 230 


(Average for 4 months, minimum 181, 
maximum 285.) 


Ratio of overflow to originated calls...... 0.77 per cent 
Total originated calls per year........... 359,000 
Total calls per mechanical operator per 

VAT io) SA Paria ete cut Cm ena 45,000 


Sufficient data have not yet been obtained to determine with 
any degree of accuracy the capacity of the in and out automatic 
trunks. The number of trunks in commercial installations is 
more or less arbitrary, and depends upon how many the sub- 
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scriber is willing to pay for. In apartment house installations, 
two out- and one in-trunk have been provided for 25-line installa- 
tions and two out and two in for 50-line installations. 


SOME First Costs 


The first costs of apartment house automatic switchboards . 
placed in position, ready for operation, are shown in Fig. 15, 
curve A. These costs include all factory and shop labor and 
material, storage battery, all miscellaneous power wiring and the 
installation labor and material necessary to place the boards in 
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Fic. 15—First Costs PER STATION—AUTOMATIC INSTALLATIONS 


actual service. The corresponding costs of commercial auto- 
matic private exchange switchboards are shown by curve B. The 
first cost of apartment house and commercial telephones installed 
are shown by C and D respectively ; the former includes in addition 
to the telephone, installation labor, but not wire. The commer- 
cial telephone costs, curve D, include both installation labor and 
wire. The summations of these first costs of apartment house and 
commercial installations are given by Hand F, respectively. The 
switchboard costs refer to locally-made boards, in the manufac- 
ture of which high-priced day labor was used. It is, therefore, 
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reasonable to assume that a considerable reduction in these costs 
could be made were the boards to be manufactured in a large 
factory especially adapted for the purpose. 

The corresponding costs of manual private exchange instal- 
lations are shown in Fig. 16. The first costs of apartment house 
and commercial switchboards, curves A and B respectively, in- 
clude the switchboards installed and connected, ready for im- 
mediate operation. They do not, however, include storage bat- 
teries, since the majority of such boards obtain their current 
supply from the nearest central office over a group of cable pairs. 
The first costs of apartment house and commercial telephones 
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15 


35 


installed, are shown by Cand D, respectively, and the total costs 
of complete installations by E and F, respectively. In the prep- 
aration of these costs, the prevailing prices of the so-called inde- 
pendent manufacturers of telephone apparatus were used. 

Neither Figs. 15 or 16 include any central office costs, over- 
head charges, underground or aerial cable costs, nor the cost of 
the lateral into the building and its associated main terminal. 

A comparison of the costs shows that for the largest installa- 
tions the automatic system is approximately 60 per cent more 
costly than the manual system, and for the smallest installation 
85 per cent more costly. 


— 
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SomME ANNUAL CosTs 


Item 1. Matntenance Labor. Up to the present time, data 
collected from 26 installations show that the average labor cost 
of maintaining commercial automatic private exchange install- 
ations, both switchboards and telephones, is approximately $3.00 
per station per year, and of apartment house installations, $1.18 
per station per year. The Bay Cities Home Telephone Company 
operates, in addition to the automatic private exchanges, a 
large number of manual private exchanges. From the data af- 
forded by these installations, it is estimated that the average 
labor cost of maintaining commercial manual installations, ex- 
clusivé of calling device trouble, is approximately $1.50 per sta- 
tion per year, and of apartment house manual installations, $0.60 
per station per year. None of these figures include overhead 
charges and supervision, nor do they include the cost of operating 
and maintaining the central office plant and the underground and 
aerial cable systems. The difference between the charges for the 
commercial and apartment house installations may be attributed 
to the fact that the traffic, with the resulting wear and tear, is 
much heavier in the commercial installations. 

Item 2. Depreciation, Interest and Taxes. ‘The average life 
of manual private exchange switchboards, is considered, I believe, 
by the Bell companies, to be approximately 10 years, which would 
make the depreciation of this class of equipment 10 per cent. 
This comparatively short life is due to the fact that the switch- 
board is exposed to extremely rough and severe usage. The 
items which receive exceptionally hard service are the highly 
finished cabinet, plugs, cords, jacksand keys. Much of the latter 
equipment is soon broken and worn beyond repair. The refin- 
ishing of a cabinet for a new or re-installation is costly. The 
automatic switchboard, on the other hand, includes a practically 
indestructible metal framework, which affords complete pro- 
tection to the automatic apparatus located within. This ap- 
paratus contains no parts which, when worn out, require the 
replacement of the whole. Those parts subject to wear are not 
costly and are easily replaced, and in fact are replaced as part 
of the regular maintenance work. Furthermore, automatic ap- 
paratus is not handled in the sense that manual apparatus is 
handled, which permits the wear and tear to take place in the 
parts designed to allow for such wear and tear. From these re- 
marks it would seem reasonable to assume that an automatic 
switchboard will outlast a manual switchboard to a considerable 
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extent, and in this‘paper a depreciation charge of 8 per cent will 
be used. The necessity for even this charge is primarily to pro- 
vide for changes in the art which may require the replacement of 
the switchboards or parts of them, before they are actually worn 
out. Including average interest at 3} per cent and taxes at 13 
per cent, it will be seen that the total of the three items in ques- 
tion, for automatic and manual switchboards, is 13 per cent and 
15 per cent respectively. 

Depreciation, interest and taxes on telephone apparatus has 
been taken at 1734 per cent for both automatic and manual. The 
figures previously given allow for an increase in the maintenance 
of the automatic telephone to care for the calling device. 

Item 3. Current Supply and Miscellaneous Costs. For a year 
of 312 working days, it can be shown from direct meter readings 
that the average cost of power consumed in commercial automatic 
installations at 4 cents per kw-hr., by one call per day for one 
year, is 2.5 cents. It may also be shown, on the basis of a year 
of 365 days, that the annual cost of the power consumed in an 
apartment house automatic installation at 4 cents per kw-hr. 
by one call per day, is approximately 5 cents. The difference 
between these two figures may be attributed to the fact that in 
the latter system considerable power is wasted in maintaining 
the batteries in their proper condition. In addition to the cost 
of power consumed, each installation must be charged with the 
annual cost of four cable pairs, one for charging, one for the busy 
tone and ringing interrupter, one for ringing power, and one for 
supervision. The average length of cable circuit is estimated at 
one half mile, which at the present time conforms very closely 
to the actual conditions prevailing in San Francisco. The total 
annual cost of No. 22 B. & S. gage cable including all charges is 
taken at $3 per pair per mile, which makes the total annual 
cost of the four pairs $6. 

Power for manual private exchange switchboards, within a 
radius of one half mile is almost invariably supplied from the near- 
est central office storage battery over a group of cable pairs. 
Within this limit, such an arrangement is nearly always the most 
economical. The average power consumed per connection, by 
the manually operated private exchange switchboards of the 
Bay Cities Home Telephone Company, is 0.1 watt-hr., and with 
power at the storage battery busbars at 5 cents per kw-bhr. 
amounts to approximately 0.156 cents per year, for one call per 
day—a negligible amount. Since the size and cost of feeders 
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depend upon the average maximum instantaneous current re- 
quirements, it is essential that the ratio of the busy hour to the 
entire day be known. Here the ratio of 15.5 per cent, derived from 
the data afforded by installation 15, will be taken. This is some- 
what lower than the ratio met with in most private exchanges, 
and therefore favors the feeder method. Upon this assumption it 
can be shown that the annual cost of a feeder, one half mile in 
length and serving a manual private exchange switchboard of 
the type used by the Bay Cities Home Telephone Company, is 
approximately 1.63 cents per call per day. 

In addition to these two costs, each manual installation must 
be charged with $1.50 as the annual cost of the cable pair sup- 
plying ringing generator current. 

Item 4. Operating Costs. 

Automatic Apartment House Systems. No operator required. 

Commercial Automatic Systems. In, out and local calls are 
assumed equal. This at once eliminates the operator from two- 
thirds of the total calls. It is estimated that 80 per cent of the 
remaining in-calls will be made direct, which leaves but 6.7 per 
cent of the total calls to be handled by. an operator. The few 
calls of this nature, in most installations, may well be handled 
by aclerk who has other duties to occupy his or her full time. 
Upon the assumption that the average salary paid such a person 
is $45 a month and that with full time devoted to operating, 
500 calls a day can be handled, it will be seen that the cost of 
handling each call is 0.35 cent. 

A pariment House Manual Systems. The rate of calling is not 
a controlling factor in determining the cost of operator hire in 
apartment houses served by manual switchboards. The quality 
and extent of service is largely dependent upon the management. 
The more pretentious apartment houses generally give the more 
extensive and therefore more costly service. The following 
schedule is based upon observations made in and around San 
Francisco. 

30 apartments or less, one day operator at $35 per month. Evening 
service given by proprietor, janitor or elevator boy, as the case may be. 

31.to 50 apartments, one day operator at $35 and one night operator 
- 10 p.m. at $20, a total of $55 a month. 

_ Above 50 apartments, one day operator at $35 and one night operator 
to 12 p.m. at $35, a total of $70 a month. 


Commercial Manual Installations. Data collected in San Fran- 
yon show that the full time of an operator is required for private 


388 DEAKIN: AUTOMATIC EXCHANGE [April 17 


exchange work when the number of all classes of connections 
handled per day is between 500 and 1000. With less than 500 
calls an operator may devote her spare time to other duties. 

It is estimated that $45 is a fair salary for a first-class com- 
mercial private exchange operator. This sum, however, is less 
than the average received by operators in San Francisco, con- 
cerning whom information has been obtained. 


COMPARISON OF ANNUAL COSTS 


Corresponding annual costs of automatic and manual private 
exchanges are given in Fig. 17. Those costs pertaining to com- 
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mercial installations apply in particular to exchanges equipped 
to handle a total of approximately 20 in, out and local calls per 
station per day. Two in and two out calls per station per day 
are provided for in the costs of the apartment house installations. 

Curves A and B represent the summation of all costs included 
in items 1, 2 and 3, for commercial and apartment house auto- 
matic installations respectively. Curves C and D represent the 
corresponding costs of manual installations. The costs of oper- 
ator hire, item 4, in commercial automatic installations, are 
given by £, and in commercial and apartment house manual in- 
stallations by curves F and G respectively. Curve H gives the 


/ 
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total annual costs of commercial automatic installations includ- 
ing operator hire. Curves K and L give, respectively, the cor- 
responding costs of commercial and apartment house manual 
installations. 

The most striking feature in the results set forth in Fig. 17 is 
that the cost of private exchange operator hire alone, in manual 
installations, is greater than the total annual cost of operating 
and maintaining automatic installations. Considering the total 
costs of each it will be seen that the annual costs of the manual 
system are from 70 per cent to 300 per cent greater than the an- 
nual costs of the automatic system. Eliminating operator hire, 
the annual cost of the automatic system is from 60 per cent to 
90 per cent greater than the manual system. 


RECAPITULATION 


In the foregoing pages, an attempt has been made to show that 
the automatic private branch exchange is practicable and eco- 
nomically possible. The pertinent questions still unanswered 
are these. Do the advantages claimed for it, justify its general 
installation in commercial organizations and apartment houses 
in preference to the manually operated private exchange, and 
is automatic equipment reliable? The answer to the first ques- 
tion will be found in a further discussion of some of the distinguish- 
ing features of the automatic private exchange. 

The elimination of or reduction in operator hire, made possible 
by the installation of automatic equipment, results, as has been 
shown, in a saving, more than sufficient to pay for the entire 
cost of maintaining an automatic exchange. The complete 
elimination of the operator from apartment house installations 
might be objectionable were it not possible to make use of the 
information bureau, a department maintained by every tele- 
phone company. The results obtained in San Francisco show 
that the increase in cost of operation necessary properly to handle 
information calls for the occupants of apartments, is negligible. 
Where the period of occupancy is more than a few months, 
‘ extra listing ’’ in the directory affords the tenant the equivalent 
of main line service in every respect. The substantial elimina- 
tion of the private exchange operator by the installation of auto- 
matic private exchanges affords the telephone company an ad- 
ditional source of revenue—an opportunity which should not be 
overlooked—for it has been shown that the maintenance and 
first costs of automatic exchanges are materially higher than man- 
ual exchanges, thus permitting higher rates with a saving to the 
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subscriber and a greater return to the telephone company for 
a given number of stations. : 
‘Anyone who uses or has used an automatic private exchange 
for local intercommunication must realize the advantage this 
system has, in this respect, over the old. Local calling differs 
somewhat from exchange calling in that the numbers of the focals 
to which the majority of calls are made can be easily memorized, 
or at the most, placed on a slip of paper easily reached, thus 
making the effort required in calling, little more than that re- 
quired to depress a push button to call the office boy. With refer- 
ence to exchange calling, it is sometimes argued that patrons of 
manual private exchanges prefer to have the private exchange 


operators obtain numbers for them, rather than ask for a trunk ~ 


to the central office and obtain the number for themselves, and 
that the automatic private exchange is wanting in this respect. 
This practise of indirect calling in manual systems is now quite 
generally followed throughout the country, even though the tele- 
phone companies discourage itas muchas possible. The argument 
in favor of this practise, from the calling subscriber’s viewpoint, is 
that he would otherwise have to repeat his instructions to at 
least two operators, and in case the call were for another private 
exchange subscriber, to three operators, with a possibility al- 
ways of from one to three delays. The calling stibscriber, there- 
fore, can hardly be blamed for placing the burden of such calls 
upon the private exchange operator, when one is available. The 
subscriber who receives such a call, however, has a somewhat 
different viewpoint even though he may be guilty of the practise 
himself, when calling, for he is asked his name by the operator and 
then politely told to hold the line while she calls the first sub- 
scriber back on the line. It quite often happens, particularly if 
there is-a®delay in getting a party, that the calling subscriber 
engages in other work and does not answer the call promptly. 
This naturally, tends to irritate the subscriber who has been 
called. From any viewpoint it must be admitted that even if 
direct calling is burdensome, it is an imposition to place the bur- 
den upon the called subscriber. In comparison with this tedious 
and indirect method made necessary by the introduction of man- 
ually operated private exchanges into manual exchange areas, 
it is well to note that the introduction of automatic private ex- 
changes into‘automatic’exchange areasdoes not require a change 
in operating methods; the subscriber is merely required to call 
from one to,threefadditional digits, each requiring, on an average, 
an addition of one second to the calling time. Other than this 
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the subscriber handles the call in every detail as though it were 
being made from one main line to another. Patrons of main line 
manual service, and of the well-known multi-key intercommuni- 
cating private exchange service, do not object to getting numbers 
themselves. It is, therefore, reasonable to assume that patrons 
of manual private exchange service would likewise not object, 
providing the introduction of the manual private exchange did 
not introduce additional delays and more cumbersome operating 
methods. To illustrate more clearly the simplicity of calling in 
the automatic system and the multiplicity of indirect calling in 
the manual system, in both cases from and to a private exchange, 
I beg to call attention to the following tabulation in which the 
time required by the different stages of the calls is given. The 
figures with reference to speed of operation in the manual system 
represent the average of good service in a large, well maintained 
multi-office exchange. It has been assumed that private ex- 
change and central office operators are equally efficient, a con- 
dition not realized in actual practise. I believe that not even 
the most ardent advocate of the manual syslem will disagree 
with me when I say that at least 15 per cent of the total originated 
calls in any well run manual exchange require from 4 to 12 sec- 
onds or more to answer. If this is so, a correspondingly greater 
number of delays must be expected when three operators are 
involved. All delays of this nature are eliminated by the auto- 
matic system. 


Automatic Manual 
system system 
Gallinommumbetes. CICS scrucrs cla ww oie 8 sec. 
Answering first P. B. X. operator....... 3.5 sec. 
Giving instructions and making con- 

MECHONS SRL Orage hes ste eS 85 
Answeringis AX  SOperatonedees sac a- ess SO tae 
Making connections in central office 

(80 per cent trunking).............+. Sea 
Answering second P. B. X. operator..... She laen 
Giving instructions and making con- 

MECLIGIIS PAE, Siete ales Clave keisie! s Sr owias 
Answering subscriber (from preceding 

dia (hi CEC AGA) sews irie este mers teas aks oie sur 9.7 sec. CEy ied 
Ringing and answering of calling sub- 

Gel REF. ad octeen eC Ome oo mucin OMOve 
Conversation(from preceding traffic data)48.2 “ 48.2 “ 
Disconnection P. B. X. operator........ Sarees 
Disconnection ‘‘ A’ operator.........-. Sates 


Total elapsed time,....--..11-+-5 65.9 sec. 108.9 sec, 
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Upon the assumptions given it will be seen that the total time 
involved in a connection through the manual system is 65 per 
cent greater than in a connection through the automatic system. 
It will also be seen that in the latter system the subscriber 1s 
required to wait but 17.7 seconds for an answer as against at 
least 50.2 seconds in the manual system. Furthermore, in the 
automatic system, the busy tone, in case the line called is busy, 
is obtained in eight seconds, whereas 45 seconds must elapse 
before a similar report can be obtained through a manual system. 

Even though the indirect method of calling is not deemed 
necessary in an automatic system, it can, however, be provided 
for where conditions require, as is illustrated by the special ar- 
rangements made in one installation, whereby the’clerks of certain 
officials establish the outgoing exchange connections and answer 
the incoming exchange connections. The local calls, only, are 
originated and answered by the officials. The desired result is 
obtained by placing two ringers on each line, one at the clerk’s 
desk, adapted to ring on incoming exchange calls only, and the 
other on the official’s desk, adapted to ring on local calls only. 
Secrecy is afforded by causing the clerk’s telephone to be auto- 
matically cut off when the official is using the line. The circuit 
is further adapted to permit the official and clerk to converse with 
each other without being overheard by a calling party. 

Secrecy on all connections, instantaneous disconnection upon 
hanging up and the fact that the full value of the service is 
available 24 hours each day and every day in the year, are all 
arguments for the automatic private exchange. 

Proponents of the manual system have always put forth the 
argument that subscribers, as a whole, object to the fundamental 
principle of the automatic system, which requires them to call 
numbers with a dial or other calling device. Actual investiga- 
tions, so far as I have been able to ascertain, have never substan- 
tiated this statement. In fact, I believe such investigations as 
have been made in cities where an automatic system is in proper 
operation, show that the public as a whole prefers this system 
to the manual. It will be admitted that there are many people 
whose time is so valuable that it may not be wasted. Such peo- 
ple, however, are nearly always provided with an ample force 
of clerks upon whom the burden of calling may be placed, 
whether it be in a manual or an automatic system. 

Calls for toll or long-distance service from an automatic or in 
fact any private exchange, must be checked by some responsible 
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party, if abuse of this service is to be prevented. In San Fran- 
cisco an automatic private exchange subscriber calls the toll op- 
perator in the usual way, which operator in establishing the 
connection refers the call back to the receiving cabinet operator, 
who takes note of it and extends the connection to the originating 
station. Correspondingly simple methods have also been worked 
out to handle “ two-number ”’ business without delay. 

It was not without some apprehension that the first automatic 
private exchange installation was made. Many doubts were ex- 
pressed as to its reliability and its ability in general to give service 
without undue cause for complaint. It was known, as stated in 
the first part of this paper, that the unattended sub-office was 
a success, but the extreme smallness of the unit, the inability 
to control the surrounding conditions with regard to temperature, 
dust and moisture, and the non-uniform potential of the current 
supply, were all unknown factors, each capable of seriously affect- 
ing the operation of the switchboard. The success, however, of 
the first installation immediately caused this feeling of doubt to 
give way to one of confidence, which feeling was further augmen- 
ted by the fact that the apparatus used was primarily not in- 
tended for the purpose to which it was put. The untold possibil- 
ities for improvement in the design and manufacture of automatic 
apparatus, so as to decrease the cost of maintenance, is, I believe, 
at least one feature that assures the future of the automatic pri- 
vate exchange. 

The final test of any public utility is its ability to satisfy the 
public and from this viewpoint the automatic private exchange 
has not been found wanting. A complete record of all complaints 
received from all sources is kept by the Bay Cities Home Tele- 
phone Company. During the operation of installation 15, which 
covers a period of eight months, 173 complaints were received, 
resulting in 221 recorded cases of trouble and comments, which, 
together with the record of installation 21 for four months, are 
given here in detail. 

Complaints from installation 15 average one for each 1400 orig- 
inated calls and from installation 21, one for each 1480 origi- 
nated calls. During the entire year of 1911, 29 complaints were 
received from apartment house installation 1, an average of one 
for each 450 outgoing calls. These complaints might easily be 
a serious matter were their nature such as to interfere with the 
service of the installations as a whole. An examination of all 
records does not reveal a single case where an entire switchboard 
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was put out of service. On the contrary, substantially all trouble 
affected but one line or one trunk. The foregoing records of 
installations 15 and 21 show that the actual private exchange 
switchboard trouble was but 4 per cent greater than the trouble 
due to broken and bent station apparatus, caused by rough hand- 
ling on the part of the subscribers. One station of installation 
15 shows a record of three new receiver shells in one month. Of 
the 173 complaints received from installation 15, all were re- 
corded O.K. within 113 hours, 94 per cent within 6 hours, 80 
per cent within 3} hours, 70 per cent within 2 hours, 45 per cent 
within 1 hour and 11 per cent within 15 minutes—which 11 per 


| 
i 
Installation No. 15 Installation No. 21 
Character of trouble . 
No. of | Per cent No. of | Per cent 
fcases of total cases of total 
ee | | he 
CrOuSwitebpoart naan 2 0.9 none 
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cent includes all of the more serious troubles, such as a sticking 
switch or a blown fuse. 

A manual private exchange switchboard is built primarily to 
accommodate an operator. The automatic private exchange 
switchboard, on the other hand, is built to facilitate the up-keep 
‘of the apparatus located within it and may be opened for in- 
spection at any time, without inconveniencing anyone. A man- 
ual switchboard can rarely be got at during working hours, 
without seriously inconveniencing the operator, which makes the 
remedying of the fault more difficult and costly. 

The automatic private exchange may with slight modifications 
be readily adapted to manual exchange areas. In such areas 
it would afford direct intercommunication and direct out-going 
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exchange service. Obviously, all incoming calls would have to 
be made through the receiving cabinet, unless the central office 
operators were provided with a means of calling, concerning 
which a word will be said later. It will be seen at once that a re- 
duction of at least 66 per cent in operator hire can be made in 
commercial private exchange installations by using automatic 
equipment. A further reduction should be possible, since the 
automatic system does not require supervision on the part of 
the attendant after a connection has once been established. In 
apartment houses, the services of a telephone operator could in 
many cases be dispensed with by placing the small receiving 
cabinet in the elevator where it may be looked after by the ele- 
vator boy. At first thought it might appear that a cabinet so 
located would seriously affect the quality of service. With 
proper design and supervision, however, this need not be the case, 
since the elevator boy would be required to do nothing more than 
to extend the call to the proper apartment. Should the line 
called be busy the busy tone will be automatically given to the 
calling subscriber, and should the party fail to answer, the con- 
tinuous recurrence of the ringing interruptions now well under- 
stood by the public, although they have never been mentioned 
in any instructions, would indicate that the party called does not 
answer. 

An automatic private exchange switchboard can easily be 
adapted to serve any number of exchanges within its capacity; 
for example, a 90-line board could be installed in an office building 
and adapted to serve nine 10-line installations or it could be in- 
stalled in some one apartment house and adapted to serve six 15- 
line installations. With a switchboard so arranged, it would also 
be possible, where a number of small apartment houses or flats are 
erected within the same block, to place a receiving cabinet in 
some one apartment house and allow it to serve all houses, the 
proprietors of the different houses sharing the expense. 

In many cities a general demand has been made of late by 
apartment house proprietors and owners for a service which does 
not require apartment house operators or attendants. This de- 
mand has been met in manual exchanges to some extent, by in- 
stalling,in each apartment, main or party lines equipped with 
coin machines. Such service is obviously costly where any great 
amount of cable is involved and has the objection that many 
people do not want coin machines or party lines, and further- 
more, requires much space on the main switchboard for which the 
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return is not always adequate. All these objections, can, I be- 
lieve, be overcome by the installation of automatic private ex- 
changes, for by so doing the telephone company could place in 
the central offices, operators provided with special equipment 
adapted to operate such switchboards, and by the proper adjust- 
ment of rates could place, and rightly so, the burden of the ad- 
ditional operators upon the houses they serve. The cost of ser- 
vice under such an arrangement, particularly to the small apart- 
ment houses, would be very much less than it is now with a 
separate operator in each establishment, and, by confining the 
operators to the central offices, 24-hour service would be possible, 
a point not to be overlooked as an argument for higher rates. 
While it may be economical to substitute central office operators 
in this manner in a manual exchange for apartment house oper- 
ators, such a course would not necessarily be the proper one when 
applied to commercial private exchange installations, for in 
nearly all such installations, the operator, as before stated, may 
be assigned other duties, and in this way, his or her full time used 
to the best advantage, a condition not possible in apartment 
houses, where other work cannot be found for an operator. 

While the automatic private exchange may be considered a suc- 
cess in the larger cities and towns, the development of automatic 
apparatus in general has not yet reached the stage where it may 
be placed in localities which cannot afford ample skilled labor 
to look after it. Automatic equipment, like a watch, need not 
require much attention, but when attention is required, quality 
and not quantity should be considered. It should not be inferred 
from this that skilled labor is hard to get in the larger cities, for 
if San Francisco may be taken as an indication of what may 
be expected elsewhere, it is not. The work is interesting 
and ambitious men take to it readily. There are, no doubt, 
many other conditions under which the automatic private ex- 
change is not yet fitted to give the best service, but the installa- 
tions referred to in this paper demonstrate, I believe, beyonda 
reasonable doubt, the ability of the automatic private exchange 
to serve satisfactorily the average commercial organization and 
apartment house in a more economical manner than is now pos- 
sible with the manually operated private exchange. 
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Discussion oN ‘‘ AuTomMatic Private BRANCH EXCHANGE 
DEVELOPMENT IN SAN FRANCISCO ”’ (DEAKIN), PoRTLAND, 
OrE., APRIL 17, 1912. 


H. M. Friendly: I ask if Mr. Deakin has ever considered 
the use of a private branch exchange having a limit of 171 
stations, instead of the 90-station limit, in order to obviate 
having to use second selectors. In Chicago, I saw a 190-line 
connector-switch the manufacturers had designed, but I have no 
knowledge of its practical use. I also saw one at Columbus, Ohio, 
that they were testing. The switch differed somewhat from 
the ordinary connector-switch having ten levels up and ten levels 
horizontal. This switch had ten levels up and twenty levels 
horizontal, one of the latter, the tenth, being dead; in that 
manner you could obtain 190 sets of line terminals. Of course, 
I assume that Mr. Deakin would have to kill the top terminals, 
that is, the naught level, in order to facilitate inter-communica- 
tion. I would like to ask if that kind of equipment has ever 
been figured on, and if it has been successful. 

Gerald Deakin: It has been figured on. 

A. H. Griswold: The problem of the private branch exchange 
service is probably as much in the lime-light today as any other 
telephonic problem, and practically all the telephone engineers are 
working along that line. Their desire seems to be to get a private 
branch exchange service which is intercommunicating as far as 
the company using the exchange is concerned, and at the same 
time will give proper service to the entire city or exchange. The 
combination can be made in a great many ways. The auto- 
matic service affords a very desirable intercommunicating 
device as far as the company, itself, is concerned, or as far as 
the service to the city is concerned. It also affords a splendid 
service, and to enter into a discussion of the automatic vs. the 
manual private branch exchange switchboard would take a long 
time, and at the same time, would be reviewing the subject 
again. So I think the thing we must work on the hardest is to 
get intercommunicating service and at the same time afford all 
of the benefits of a proper service to the entire telephone-using 

ublic. 
: A. H. Dyson: About the only thing I can say in connection 
with the paper at this time is that I believe Mr. Deakin has gone 
a long way towards solving one of the most important branches 
of the automatic telephone art. I have spent about nine years 
almost exclusively in the development of automatic’ switch- 
ing devices for telephone service, and one of the most important 
and the hardest to solve satisfactorily has been the private ex- 
change problem, and whether Mr. Deakin has succeeded or not, 
I am as yet unable to say, as I have not as yet analyzed his 
paper. The most serious aspect of the automatic private branch 
exchange is, or has been, the possibility of calls reaching the heads 
of the different departments when they should go to subordinates. 
When this happens it causes a great deal of inconvenience to 
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business men. In other words, they are called for trivial pur- 
poses, trivial questions are asked, which occupy their time and de- 
tract from matters of more importance. I believe firmly that, 
whether Mr. Deakin has or has not reached the proper solution, 
if the automatic system prevails as the final telephone system, 
all service, with the exception of long-distance, I mean by that 
long-distance toll service, will be accomplished automatically, 
and further, that a connection from one city to another city, 
regardless of geographical separation, will be established with 
the assistance of only one operator. I am opposed in this view 
by some of the most prominent engineers, men who have 
given the subject a great dealof thought. The position they take 
is that we are tying up a system of expensive construction for 
an unnecessary length of time, thatis, preventing the use of the 
toll lines between intermediate points. I believe, however, 
a system will eventually be developed which will so operate as to 
enable the establishment of telephone connections between cen- 
ters geographically separated at a cost less than is now required. 
Long-distance connections as now established, at times, require 
seven or eight or more operators to extend a connection between 
two cities. 

Mr. Deakin, I can say, from casually reading his paper, has 
given the matter a great deal of time and thought, and he, or his 
company, has gone to great expense to obtain these data, and I 
believe the Institute is indebted to Mr. Deakin for the informa- 
tion he has given us. I would like to ask the actual number of 
digits required to establish a connection between any points in 
San Francisco. 

Gerald Deakin: Eight digits. 

A.H. Dyson: I ask further what trouble is experienced by 
subscribers in calling a number of eight digits, in remembering the 
digits he is calling for. It has been my experience and observa- 
tion that the ordinary telephone subscriber is unable to remember 
a number of more than four digits—I say a number of four 
digits, I will modify that by saying a prefix or affix of a letter 
or name, and four numerals. I ask if Mr. Deakin has made 
any observations along that line. 

D. P. Fullerton: I donot know that I have much to say on 
the matter any more than to follow up Mr. Griswold’s remarks, 
I agree rather strongly with Mr. Deakin’s entire article. The 
trouble that meets us today in the telephone business is the rapidly 
increasing number of private branch stations, and the increasing 
number of them affects the service seriously in that it puts a large 
number of people interested, or assisting in establishing communi- 
cations over which the companies have no supervision, no control. 
So far as automatic apparatus is concerned, I do not know 
whether it is the right thing to use universally or not, but I agree 
entirely with Mr. Deakin that the private branch exchange, 
whether used universally or adopted for use with a manual 
system, is an admirable thing. I believe it is something that 
telephone engineers should give considerable thought to. it 
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Probably Mr. Deakin has solved the entire problem, and I don’t 
believe he is very far from it, but I would advise the other tele- 
phone engineers to work on that one point and results will be 
appreciated by the telephone companies probably as much as any 
other development of the art. 

R.W. Pope: I am here in this discussion not as a telephone 
man, but as the ultimate consumer, and the victim of the tele- 
phone subscriber who insists on seeing the head of the depart- 
ment or speaking with him, and refuses to give any information 
to the exchange operator as to his wants. This has caused me 
infinite trouble and I see no way of rectifying it except through 
the education of the general public. I have been so unfortunately 
situated as to be a distance of 85 ft. from the answering office of 
our suite in the Engineers’ Building. We find that the subscrib- 
ers seem to be unwilling to state their business. If they would 
state their business, the operator would know at once who 
would attend tothem. But instead of that, in my case for instance, 
they almost always insist on speaking with the Secretary, and 
when they reach the Secretary, the Secretary would have to go 
to the office 85 ft. away or switch the subscriber cn, in order to 
obtain such information as the present address of some one of 
the members. The office where the call is answered has that 
information right there, but as long as they will not state their 
business I do not believe it is possible to devise any system which 
will correct that evil. We must gradually educate the public as 
to the necessity of stating its business, when calling up, in order 
to be properly attended to. 

A. E. Burghduff: I do not know that I can add anything to 
what has been said. I might give a short outline of the way our 
private exchange is conducted in Portland. We require a 
manual operator for each station. The user signals the operator 
if he desires a trunk or outgoing call. He then tells the operator, 
who makes his connection in the ordinary way, and when he is 
through hangs up the receiver and the operator disconnects the 
line. The intercommunicating line works exactly the same way. 
You inform the operator of the local number you desire, hang up 
the receiver and she calls that number and when they answer she 
rings you and saves your time in that way. 

A point is brought up in Mr. Pope’s remark that everybody 
wants the head of the department—not the head of the depart- 
ment, but the manager. With the automatic private branch 
exchange working entirely automatically, I see no way of pre- 
venting every one calling and getting the manager. It seems 
impossible to conceive of any device that will cure that, but in 
actual practise, with a large proportion of these people talking 
to the operator, she can direct them to the right department 
even though they ask for the manager. = 

W. Lee Campbell (by letter): Ihave read Mr. Deakin’s paper 
with a great deal of interest and profit. I wish to take this 
occasion to commend him and his company for the decided suc- 
cess which’they have attained in the installation and operation 
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of private branch automatic switchboard equipment in San 
Francisco. The practise of the San Francisco company evi- 
dently has been developed to a point of high efficiency. 

In connection with this paper I hope that a description of 
the automatic private branch exchange installed in the factory 
of the company making this apparatus, and connected by trunks 
to the public automatic exchange of approximately 30,000 sta- 
tions and eight offices operated by the Illinois Tunnel Company 
in Chicago, Illinois, will be of interest. 

This private branch exchange switchboard serves 100 indi- 
vidual line telephones and 12 extension telephones, and is 
equipped with 100 line switches, 10 first selector switches, 10 
connector switches for completing local calls, three connector 
switches for completing incoming trunk calls, and three repeat- 
ers for outgoing trunk calls. The three incoming trunks each 
terminate in one of the connector switches, just mentioned, at 
the private branch board and in fourth selector banks at the 
Brooks office of the Illinois Tunnel Company. They are also 
equipped with repeaters at the Brooks office. 

The three outgoing trunks each terminate in first selector 
banks at the private branch board, where they are equipped with 
repeaters, and terminate in regular line switches at the Brooks 
office. 

Local or intercommunicating calls in the company’s factory 
are made by using three-figure numbers. These numbers run 
from 100 to 199. Outgoing calls are made by prefixing the figure 2 
to any number taken from the Illinois Tunnel Company’s public 
directory. The purpose of the prefix is, of course, to put the 
private branch exchange line into connection with an idle trunk 
line to the Brooks exchange of the Illinois Tunnel Company. 
After that is accomplished the call proceeds in the usual man- 
ner. 

Considerably over half the private branch stations, however, 
are not allowed to send or receive outside calls. Each employee 
whose service is restricted to intercommunicating service, is 
automatically prevented from making outside calls by an attach- 
ment, which, whenever he calls the prefix 2, keeps him from 
peg a connection with the trunk, and gives the buzzing busy 
signal. 

The numbers of officers or employees of the company who 
are allowed to receive incoming calls, appear in the public 
directory with a prefix. For example, the number of the station 
which is locally 170 appears in the public directory 5891-70. A 
subscriber to the Illinois Tunnel Company’s system, when calling 
5891-70, operates a first selector, second selector, third selector 
and a fourth selector in the public system, when calling the first 
four figures of the above number, that is, 5891. This puts his 
line in connection with an idle trunk to one of the three incoming 
trunk connector switches on the private branch board, so that 
when he calls the last two figures, that is, 70, this connector 
switch is operated and extends the connection to telephone No. 70. 
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The automatic ringing interrupter, which serves the three 
incoming connector switches, is arranged differently from that 
which serves the connector switches which handle local calls, 
so that when a local telephone is being rung on account of a call 
coming in from the outside, the party receiving the call is aware 
of the fact. 

The circuits in connection with the three outgoing trunks, 
from the branch board, are so arranged that if one of the sub- 
scribers should attempt to make an outgoing call when all of the 
three trunks are busy, he will receive the busy signal so soon as 
he turns his dial from finger hole No. 2, which he does in attempt- 
ing to secure a trunk. 
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The incoming trunks from the public exchange are arranged 
in the same way; that is, if any public exchange subscriber calls 
5891, when all three of the incoming trunks are busy, he will 
receive the busy signal. ; 

The heavy load which a small automatic switchboard of this 
type carries successfully, and the high efficiency of small groups 
of automatic switchboard trunks, mentioned by Mr. Deakin in 
his paper, are attested by the curves in the accompanying figure. 

One of these curves shows the intercommunicating calls per 
hour made from the opening of the factory at 7:30.a.m. until the 
closing at 5:00 p.m. Another shows calls per hour received on 
the iftcoming trunks, and a third shows calls per hour sent over 
the outgoing trunks. 
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It will be noted that the total number of local calls made 
during the day was 2275, the total number of out calls sent was 
224, making the total number of originated calls 2499. 

Between the hours of 3:30 and 4:30 p.m. (the busy hour of the 
day) the group of 10 connectors for completing local connections 
handled a total of over 400 calls, without being once overloaded. 
Similar very high efficiencies are shown during the busy hours 
for the small incoming and outgoing trunk groups. 

A number of busy hour local calls were timed with a stop 
watch, with the following results: 


Time'required-t0. call /.25 cs Wie es, PS. ae seconds 
Time required for called party to answer........ 8.1 : 
Time spent in conversation. 1......5. 0. 0-s-----d054 . 


Average time required for each connection 
‘Totale seen. 41.7 seconds 

Lloyd D. Gilbert: Would: Mr. Deakin consider an automatic 
installation superior to an inter-communicating system, we will 
say, for an industrial factory having twelve or fifteen phones, 
service, maintenance, and everything considered? 

Gerald Deakin: With regard to the ability of the automatic 
private exchange to afford service equivalent in all respects to 
that given by the manual private exchange—early in the de- 
velopment of the commercial private exchange, we were fortunate 
enough to encounter a very large corporation, the officials of 
which objected very strongly to the receiving of or the making 
of exchange calls. As I stated in the paper, this objection was 
overcome by placing two bells on each line, one adapted to ring 
on exchange calls and the other on local calls. The officials 
of the corporation did not object to answering local calls, in 
fact they preferred to answer such calls. This system further 
permits the clerk or secretary of the official to establish the out- 
going exchange calls. 

It has been argued that the manual private exchange operator 
acts as an information bureau with regard to employees of: the 
company by which she is employed, as well as an intermediary, 
and by so doing removes the burden of inquiries from other em- 
ployees. While this condition may be true in many of the smaller 
systems, it does not always hold in the larger business organ- 
izations. For example, in any large concern, the operator 
could not be expected to know by name all employees and even 
if she did, she would probably not know the local telephone num- 
ber of each. The result is, in actual practise, that many calls 
are thrown by the operator to the head of some department. 
The burden of locating the proper party and directing such a call 
to the proper number in case the call has to be changed, is then 
placed upon the called but not wanted party. Furthermore, 
the officials in a large corporation can rarely be obtained directly. 
Calls for them are nearly always intercepted by their clerk 
or secretary. In such cases as these the calling party is put to 
the annoyance of dealing with both an operator and clerk before 
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he can obtain the party wanted. I am merely citing these 
points to illustrate the fact that the objections which have been 
raised against the automatic system are also applicable, to a 
considerable extent, to the present manual system. In an auto- 
matic system the extensive listing of numbers in the telephone 
directory permits a large percentage of the total in calls to be 
made direct to the proper station. Those calls which, for one 
reason or another, cannot be made direct, can be made through 
the receiving cabinet. ? 

Mr. Dyson made the statement, I believe, that toll connec- 
tions could be more readily established automatically than man- 
ually. I agree with Mr. Dyson in this matter. We have done 
this on a small scale between San Francisco and Oakland and I 
can see no reason why the system should not be extended to long- 
haul business, if adequate provision is made for the cus- 
tomary handling of service in case of trouble on the line. 

Mr. Dyson has questioned the ability of the subscribers to 
call, with any degree of accuracy, eight digits, which, with the de- 
velopment of the automatic private exchange into a hundred thous- 
and line system, is sometimes necessary. This is true to a certain 
extent. If the eight digits represented the number of some single 
unit, it would be difficult to remember the number while calling. 
The eight digits, however, represent a composite number of three 
parts and for this reason somewhat less difficult to remember. 
For example, consider a call from one private exchange station 
to another. The first digit called would be 0; this is to establish 
the trunk connection, and is not difficult toremember. The next 
five digits would represent the number of the called exchange as 
awhole. The remaining two digits would represent the number 
of the proper local in that exchange. There is no question 
but that the remembering of numbers is an important point in 
any system, and one which cannot be overlooked when an at- 
tempt is made to eliminate irregularities in operation, and it is 
well known that many wrong numbers are given by subscribers 
who attempt to call by memory,even when the numbers are 
short. The addition of a small writing pad to each telephone, 
upon which the number to be called may be written, would, I 
believe, be of value in many cases. The calling of wrong locals 
in an automatic private exchange, apart from disturbing the 
called party, does not place any great burden upon the calling 
party. The system as now arranged permits a second local to 
be called when the party first called hangs up. The calling 
party is not required to disconnect. 

A valuable feature of the automatic switchboard, which, 
I believe, has not yet been brought out, is its ability to establish, 
simultaneously, as many connections as its facilities will accom- 
modate. In watching the operation of one of the larger switch- 
boards, I noticed at one time, four mechanical operators start 
at almost identically the same time. There could not have 
been a difference of more than a second between the starting times 
of all four switches. In a corresponding, but manually operated 
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system, at least eight or ten seconds would have to have been 
devoted to each call, with the result that all except the first 
station would be subjected to a delay. 

Mr. Pope made the remark that most people do not know whom 
to call when information is wanted and a private exchange is in- 
volved in the connection. This, I believe, is largely due to the 
fact that the present method of directory listing does not give 
any information as to the different departments maintained by 
a company. Mr. Pope stated that a great many calls are re- 
ceived by him which should have been directed to someone else. 
Had the particular department with which connection was de- 
sired been listed in the directory, I have no doubt Mr. Pope 
would have been saved the annoyance of answering many mis- 
directed calls. 

The successful operation of an automatic switchboard depends 
to some extent upon its location. For use in the larger cities, 
it is safe to figure upon boards of all sizes from 10 stations up. 
Very small exchanges can be economically handled when two 
or more of them are in the same building, which permits the use 
of a common switchboard. 

Arthur Bessey Smith: (communicated after adjournment): 
Mr. Deakin’s paper is full of interesting and valuable matter, 
which will bear an extended and careful study. I wish especially 
to call attention to one feature of private branch exchange 
operation to which he has given some attention. It is the matter 
of indirect calling, which has been the cause of considerable 
annoyance to telephone users. 

The subscriber who is otherwise obliged to work his way 
through the offices of two or three, or perhaps four, operators, 
cannot be censured for desiring to throw the responsibility and 
labor of his work on to someone else, and naturally the private 
branch exchange operator in his own building is the one selected. 
The busy man feels the interruption to his work. However, 
when he is able, by the mere turning of a dial, to place his call 
directly, the interruption is far less than to send it indirectly 
through the private branch exchange operator. The evil of 
the indirect call is sufficiently great to have received the attention 
of the general public. Sometime ago the writer saw, in a paper 
devoted to humorous articles, the proposal to organize a mutual 
protective league of telephone subscribers for the purpose of 
eliminating this evil by refusing to answer the telephone unless 
the calling party were actually present on the line. 

Now the writer does not seriously advocate any such system 
as this, but we feel that the dictates of common courtesy should 
lead the telephone user, especially one who uses the automatic 
system, to make his calls directly, so as to be present on the line 
when the desired party answers. Since to call on the automatic 
is relatively so easy, the automatic system should at least be 
given the credit of being a force which makes for politeness and 
mutual regard. 
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THE APPLICATION OF AUTOMATIC SELECTING 
DEVICES TO TELEPHONE MULTIPLE SWITCH- 
BOARDS 


BY ALFRED H. DYSON 


This paper will discuss means and certain results obtained 
by the application of selective switches to common battery 
multiple telephone switchboard systems. 

The manual common battery multiple telephone switchboard 
system has now been in commercial use in practically all of the 
larger cities for more than a decade. As at present used its 
arrangement has reached the limit of development and is struc- 
turally the least complex of all telephone systems adapted to 
provide service for a large number of subscribers, but when 
applied to the larger sized exchanges it is found to be very expen- — 
sive in first cost and also is believed to be unnecessarily expensive 
in operation. Its first cost increases in an increased ratio with 
the increased number of lines. This is also true of its operation, 
for the reason that with the increase in number of subscribers’ 
lines the number of calls per line per day also increases, with the 
result that the ratio between the number of lines and the number 
of operators for effecting the connection of such lines is de- 
creased, that is, the percentage of operators to lines is increased. 

Briefly, the arrangement of the manual multiple switchboard 
system, as now in use, is such that each subscriber’s line ter- 
minates on the switchboard in an answering jack with which is 
associated a signal lamp and multiple jacks, there being as many 
multiple jack terminals of each line as there are sections of 
switchboard—each section consisting of three operators’ 
positions. For the interconnection of a line as a calling line with 
a line as a called line there are provided what are termed con- 
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necting cord circuits, each provided with a pair of plug terminals 
known as answering and calling plugs, and a pair of signal lamps 
termed answering and calling supervisory lamps. Each cord 
circuit is in addition provided with keys which enable the 
operators to connect in circuit their telephone apparatus and to 
establish circuit for the ringing current for actuating the signal 
bells of the substations. There are placed before each operator 
answering jack terminals of as many lines as an operator is 
capable of establishing connections for and as many connecting 
cord circuits—usually about fifteen—as are required to establish 
such connections at the busiest moment. 

If it be a ‘‘multi’’-office exchange, there are provided multiple 
jack terminals of trunk lines which lead from each office to each 
of the other offices of the exchange, there being a multiple jack 
terminal of each trunk within the reach of each subscriber’s 
operator. In addition there are provided in each office as many 
incoming trunk circuits as may be required to handle the con- 
nections trunked into a particular office from the other offices. 
These circuits are each provided with two signal lamps termed 
calling supervisory and disconnect lamps, and keys for estab- 
lishing circuit for current for actuating the signal bells of the 
called substations. These incoming trunk circuits usually 
terminate in connecting plugs before special operators, usually 
called incoming trunk or B operators, as distinguished from the 
subscribers’ operators, who are sometimes called A operators. 
There are as many incoming trunk circuits placed before each 
such operator as may be handled by an operator during the 
busiest moment, 7.e., during the moment of the greatest number 
of coexisting trunk connections. Usually an operator is pro- 
vided with about 30 such circuits. There is also provided before 
the incoming trunk operators a multiple jack terminal for each 
line of the office, there being one such terminal for every three 
or less operators. 

The operation of the multiple switchboard system is such that 
upon the removal of the receiver from the switchhook by a 
calling subscriber the line signal lamp of the line of such sub- 
scriber is automatically illuminated. The operator before whom 
said lamp is located, upon observing that it is lighted, inserts the 
answering plug of an idle cord circuit into connection with the 
answering jack of the line of the subscriber, and by the actuation 
of a key associated with the cord circuit it is connected tele- 
phonically with the calling subscriber. The operator thus ascer- 
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tains the number of the called subscriber. If it be a single office 
exchange, the operator, by touching the sleeve terminal of the 
multiple jack of the line of the wanted subscriber with the tip 
of the associated calling plug of the cord circuit, ascertains the 
busy or idle condition of the line. If the line be busy the calling 
subscriber is notified that connection cannot be established. 
If the line be idle she then inserts said calling plug into connection 
with the said multiple jack terminal and actuates a key associated 
with the cord circuit, which results in the transmission of current 
over the called line to actuate the substation signal bells. The 
projection of the ringing current thereafter continues periodically 
until the removal of the receiver from the switchhook of the 
called substation, at which time the ringing current is perman- 
ently disconnected from the line and the calling and called sub- 
scribers automatically placed in telephonic connection. When- 
ever the plugs of a cord circuit are in connection with a line and 
the receivers off the switchhooks the supervisory lamps are in 
their normal or unlighted condition, but upon replacing the 
receiver upon the switchhook at the calling substation the an- 
swering supervisory lamp is illuminated, and upon replacing 
the receiver upon the switchhook at the called substation the 
calling supervisory lamp is illuminated. The principal object 
of these lamps is to inform the operator when disconnection is 
desired, 1.e., when the plugs of a cord circuit should be dis- 
connected from the jack terminals of the lines. This is done 
when the two connected subscribers replace their receivers upon 
their switchhooks after completion of conversation. These 
lamps are also used for the purpose of signaling the operator 
after a connection has been established if her assistance is desired. 

If it be a “‘multi’’-office exchange and a calling subscriber 
desires connection with a subscriber whose line terminates in 
some office other than the office in which the line of the calling 
subscriber terminates, then the operator would communicate— 
by means of a call circuit—with an incoming trunk operator, in 
the office in which the called line terminates, giving to the 
incoming trunk operator the number of the line of the called 
subscriber. The incoming trunk operator, upon ascertaining the 
number of the called subscriber, assigns a trunk to be used. 
Upon assignment of such trunk the subscriber’s operator inserts 
the calling plug associated, with the answering plug inserted in 
the answering jack, into connection with a multiple jack term- 
inal of the trunk assigned. The incoming trunk operator, 
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upon ascertaining the number of the called subscriber, by 
touching the sleeve of the multiple jack terminal of the line of the 
called subscriber with the tip of the plug of the trunk circuit 
assigned, ascertains the busy or idle condition of the called line. 
If such line be busy the calling subscriber is notified by means 
of a suitable signal. If the called line be not busy the incoming 
trunk operator inserts the plug of the assigned trunk into con- 
nection with the multiple jack terminal of the called subscriber, 
and actuates a key associated with the assigned trunk, which 
results in the projection of current over the line to actuate the 
signal bells of the called substation. This ringing current con- 
tinues periodically until the removal of the receiver at the called 
substation, or until the removal of the trunk plug from connection 
with the multiple jack of the line called. Upon removal of the 
receiver from the switchhook at the called substation the ringing 
current is permanently disconnected from the line and the two 
subscribers automatically placed in telephonic connection. 
The signal lamps associated with each incoming trunk circuit 
indicate to the incoming trunk operator when disconnection 
should be effected, which is accomplished by simply removing 
the trunk plug from connection with the multiple jack terminal 
of the line. 

The introduction commercially of the automatic telephone 
system has resulted in the production of a modified form of 
multiple switchboard system. This system I shall herein term 
the ‘‘ automatic call distributing system.’ This system ma- 
terially reduces the cost of operation and also, in the larger central 
offices, reduces the first cost of the central office equipment. 

The arrangement of the automatic call distributing system 
differs from that of the manual system in that the answering 


jacks, their associated line lamps and the answering cords of the © 


cord circuits are eliminated. In lieu thereof automatic selector 
switches are provided, which, upon the removal of the receiver 
from the switchhook at a calling substation, automatically 
connect a calling line with the first idle connecting cord circuit to 
which the calling line has access. In other words the calls are 
automatically distributed before the operators. There are a 
number of arrangements of switches for accomplishing this 
result. 

By one arrangement a small ten-point switch is provided for 
each line and a sufficient number of 100-point switches to accom- 
modate the maximum number of coexisting connections. This 
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arrangement acts in such a way that upon the removal of the 
teceiver from the switchhook at a calling substation the ten- 
point switch associated with the line is automatically rotated 
to select an idle one of ten 100-point switches which, upon 
selection, is automatically actuated to select and connect with 
an idle one of 100 connecting cord circuits. Upon the com- 
pletion of the second selection a signal lamp associated with the 
selected cord circuit is automatically illuminated, indicating 
to the operator, before whom such selected cord circuit is located, 
that a connection is desired. 

Another arrangement is to provide a 100-point switch for 
each connecting cord circuit and a number of 100-point line 
selector switches equal to the number of the maximum coex- 
isting connections at the busiest moment of the day. The opera- 
tion of this arrangement is such that upon the removal of the 
receiver from the switchhook, a switch associated with an idle 
cord is automatically actuated and selects an idle line selector, 
which said line selector is adapted upon its selection to auto- 
matically select a multiple terminal of the calling line. When this 
selection has been made a lamp signal associated with the se- 
lected cord circuit is displayed before the operator, indicating 
that a connection is desired. 

Another arrangement, and the one preferred by the writer, 
is to divide the lines as calling lines into groups of 100 lines each 
and to provide for each group of 100 lines as many 100-point 
line selector switches as there will be coexisting calls in the 
associated group of 100 lines during the busiest moment of the 
day. To each line selector switch is electrically connected a 
100-point cord selector switch. The operation under this arrange- 
ment is such that upon the removal of the receiver from the 
switchhook by a calling subscriber, an idle one of the line 
selectors and its associated cord selector are actuated. The 
line selector automatically selects and connects with a mul- 
tiple terminal of the calling line, and the cord selector 
automatically selects and connects with a multiple terminal 
of an idle cord circuit. Upon such selection of the line and 
cord, a signal lamp associated with the selected cord is 
illuminated, indicating to the operator before whom the 
cord and lamp are located that a connection is desired. The 
operator observing the lighted condition of the lamp, after 
actuation of a key associated with the said cord circuit, ascer- 
tains the number of the wanted substation. Thereafter—if it 
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be a single-office exchange—the operator, by touching the sleeve 
of a multiple jack terminal of the line of the wanted subscriber 
with the tip of the connecting plug of the selected cord circuit, 
ascertains the busy or idle condition of such line. If the line 
be busy she notifies the calling subscriber that connection 
cannot be completed. If the line be idle she inserts the con- 
necting plug into connection with the multiple jack and actuates 
a key associated with the cord circuit, which projects over the 
called line current which actuates the signal bells of the sub- 
station of the called subscriber. This signaling current is 
maintained periodically until the removal of’ the receiver from 
the switchhook at the called substation. Upon such removal the 
signaling current is automatically disconnected and the two 
subscribers placed in telephonic connection. Associated with the 
connecting end of each cord circuit is a signal lamp termed a 
supervisory lamp, which indicates to the operator when the 
called subscriber removes the receiver from the switchhook and 
also when the receiver is replaced. The call signal lamp asso- 
ciated with the answering end of the cord circuit acts also as a 
supervisory lamp which indicates, after connection with the 
called line, when the receiver at the calling substation is off or 
on the hook. After completing conversation the two subscribers, 
by replacing the receivers upon their respective switchhooks, 
cause the illumination of the two supervisory signal lamps, which 
indicates to the operator that disconnection is desired, which 
she accomplishes by removing the connecting plug from connec- 
tion with the multiple jack terminal of the line of the called 
substation. 

If it be a multi-office exchange and if a calling subscriber 
desires connection with a line terminating in some other office, 
then the connection is trunked to the distant office and estab- 
lished as described in connection with the manual system. 

In order to arrive at the difference in the number of operators 
required and the difference in first cost between the two systems, 
it is necessary to know: 

1. The number of calls per line per day. 

2. The number of calls originating during the busiest hour. 

3. The number of connections an operator can establish in a single 
office exchange during the busiest hour. 

4. The number of connections an operator can establish in a multi- 
office exchange during the busiest hour. 

Upon the number of calls per line per day and the number of 
calls an operator can establish during the busiest hour, will 
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depend the number of lines which may be assigned as calling 
lines to each operator. On the number of lines assigned to each 
operator will depend the number of operators’ positions required 
to handle the traffic during the busiest hour. It is also necessary 
to provide connecting apparatus to accommodate the maximum 
number of coexisting calls at the busiest moment. 

For the purpose of this discussion I shall only consider flat 
rate service, including individual lines and a fair development 
of selective party lines. 

In order to determine the number of calls per line per day in 
exchanges of various sizes and the number of connections an 
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Calls per line per day in exchanges varying from 1,000 to 10,000 lines. Flat rate 
service. 


operator can establish in both a single-office exchange and a 
“multi ’’-office exchange during the busiest hour, I have had 
reference to ‘‘ peg counts’ of various exchanges approximating 
the sizes to be discussed. 

The curve of Fig. 1 illustrates the average number of calls 
per line per day in exchanges varying from 1000 to 10,000 flat 
rate lines. I do not claim this curve to be exact for any partic- 
ular exchange, as local conditions are usually such as to cause a 
divergence, but it is a fair approximate average. 

Curve A of Fig. 2 illustrates the average number of connections 
which operators in single-office exchanges varying from 1000 
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to 10,000 lines can establish during the busiest hour. It will 
be seen upon inspection that the number increases with the 
number of lines of the exchange. This is attributed to the fact 
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Fic. 2 
Curve A shows average number connections (busy hour) per operator, ina single- 
office manual exchange of from 1,000 to 10,000 lines. 
Curve B shows average number connections (busy hour) per operator, in a single- 
office automatic call distributing exchange of from 1,000 to 10,000 lines. 
Curve C shows average number connections (busy hour) per operator, in a multi- 


office manual exchange of 10,000 lines (18 calls per line per day) when certain percentages 
of calls are trunked. 


Curve D shows average number connections (busy hour) per operator, in a multi- 
office automatic call distributing exchange of 10,000 lines (18 calls per line per day) when 
certain percentages of calls are trunked. 


Curve E shows average number lines per operator’s position in a single-office manual 
exchange of from 1,000 to 10,000 lines. 


Curve F shows average number lines per operator's position in a multi-office manual 


exchange of 10,000 lines (18 calls per line per day) when certain percentages of calls are 
trunked. 


that in the smaller exchanges the operators are less efficient and 
that the fewer the number of calls per line per day the less the 


regularity with which the calls originate, which results in a 
greater number of idle periods. 
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From curve A of Fig. 2 has been plotted the curve E of Fig. 2 
which illustrates in single-office exchanges varying from 1000 to 
10,000 lines the number of lines per operator’s position, when the 
number of calls per line per day varies from 104 in 1000-line offices 
to 18 in 10,000-line offices. It may be observed that although 
in the larger exchanges an operator can establish a greater num- 
ber of connections per hour, nevertheless the number of lines 
allotted as calling lines to each operator is decreased, owing 
to the fact that the number of calls per line per day is increased. 

Curve C, Fig. 2, sets forth the average number of connections 
an operator can establish in multi-office exchanges of 10,000 
lines, at 18 calls per line per day—when various percentages 
of calls are trunked—during the busiest hour. 

The percentage of calls trunked from any office has been 
arrived at by application of the formula 

trunking per cent = 100 ee 0.75, 

wherein A is the total number of lines in the exchange, B the 
number of lines in the office under consideration, and 0.75is a 
factor which allows under ordinary conditions for the community 
of interest between the subscribers of the office. It is obvious, 
under the conditions assumed, that the greater the percentage 
of calls trunked, the fewer calls an operator can establish during 
the busy hour. 

From curve C of Fig. 2 has been plotted curve F of Fig. 2, 
which sets forth the average number of lines which may be 
assigned to each operator in a multi-office system operated under 
the conditions of curve C, Fig. 2. 

As there is not in commercial use an exchange operating under 
the automatic call distributing system, I have of course been 
unable to ascertain the actual number of calls an operator could 
establish during the busiest hour, but have assumed that there 
will be required in a single-office exchange, according to the 
curve of Fig. 1, nine seconds for the establishment of each con- 
nection, from which assumption I have plotted curve B, which 
shows the average number of connections an operator can estab- 
lish during the busy hour, by means of the automatic call dis- 
tributing system. 

Allowing seven seconds additional for each connection trunked, 
4.e., 16 seconds for each trunked connection, I have shown by 
curve D, Fig. 2, the average number of connections an operator 
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can establish in a 10,000-line multi-office exchange, in the busy 
hour, in offices varying from 1000 to 9000 lines, when certain 
percentages of calls,as shown, are trunked. As mentioned in 
reference to curve B, this is estimated, owing to the fact it is 
impossible to obtain the information from actually working 
commercial exchanges. 

The vast difference in the number of connections per operator 
per hour between the two systems appears abnormal, but it is 
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Curve A represents single-office manual system, 1,000 to 10,000 lines. 

Curve B represents single-office automatic call distributing system, 1,000 to 10,000 
lines. : 

Curve C represents multi-office 10,000-line exchange, manual system, 18 calls per 
line per day. 

Curve D represents multi-office 10,000-line exchange, automatic call distributing sys- 
tem, 18 calls per line per day. 


believed a little thought will convince the reader that the con- 
clusions are correct and will be borne out in commercial practise. 

Having arrived at the difference in number of calls per operator 
per hour, in each of the systems, it is next in order to consider 
the difference in the number of operators required to handle the 
traffic of the exchanges during the period of the peak of the load, 
1.e., during the busiest hour. In order that this may be readily 
ascertained I have plotted the curves of Fig. 3, in which curve 
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A is based upon the results of the curve of Fig. 1 and curve A of 
Fig. 2 and shows the number of operators required to handle the 
traffic of a single-office manual multiple switchboard system dur- 
ing the busiest hour. Likewise curve B of Fig. 3 is based upon 
the results of the curve of Fig. 1 and the curve B of Fig. 2 and 
shows the number of operators required to handle the traffic of a 
single-office automatic call distributing system exchange during 
the busiest hour. ; 

Curve C, Fig. 3, is plotted from curve C of Fig. 2 and shows 
the number of operators required, in a multi-office manual 
multiple switchboard exchange of 10,000 lines, at 18 calls per 
line per day, to handle the traffic of an office of a particular 
number of lines during the busiest hour when the percentages 
of connections, as shown, are trunked. 

_ Curve D of Fig. 3 has been plotted from curve D of Fig. 2 eed 
shows the number of operators required in a multi-office auto- 
matic call distributing exchange of 10,000 lines, 18 calls per line 
per day, to handle the traffic of an office of a particular number 
of lines when the percentages of connections as shown are 
trunked. The difference in number of operators in the two 
systems will, by inspection of the curves of Fig. 3, be apparent. 
As stated, the curves of Fig. 3 set forth the number of operators 
required during the busiest hour. It will, however, be under- 
stood by all traffic men that the number of operators required 
at all other hours of the day may be accordingly reduced. 

Having ascertained the number of operators required for the 
operation of an exchange of given size, both single and multi- 
office, the annual saving in operators’ wages and other costs 
incidental thereto may be readily ascertained. The saving is 
found to be at first glance almost inconceivable, but it is be- 
lieved by the writer that the ratio will be approximately borne 
out in commercial practise. 

While the automatic call distributing system has been well 
developed by at least one interest and it is understood also by 
others, the possible variations in the methods by which the 
result may be accomplished, three of which have been herein 
described, leave wide room for variation in the first cost of 
equipment for producing in exchanges of various sizes the operat- 
ing results which I have set forth. It may be said that each of 
the outlined ways of accomplishing the results of automatic call 
distribution will maintain the advantages indicated by the 
curves. 
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In view of the possible wide differences in amount of equip- 
ment, depending upon the particular system preferred, and also 
for other reasons which a little thought will make apparent, it 
will be understood that the difference in relative percentage of 
first cost of manual systems and the automatic call distributing 
system will vary. The question of cost has, however, been given 
careful attention by the writer and figured out for a particular 
system. As a result I have plotted the curves of Fig. 4, which 
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Curves A and B represent percentage differences in cost of a single-office exchange of 
from 1000 to 10,000 lines. ‘Curve A represents manual and curve B represents auto- 
matic call distribution, 

Curves C and D represent percentage differences in cost of a multi-office 10,000-line 
exchange (18 calls per line per day) when certain percentages of calls are trunked. Curve 
C represents manual and curve D represents automatic call distribution. 


are intended to show difference in percentages of first cost of all 
central office equipment with the exception of long distance 
equipment. 

The curves B and D of Fig. 4 are not based on apparatus built 
for commercial use, but are estimated on what, in the Opinion 
of the writer, the apparatus will cost installed. 

Curves A and B of Fig. 4, wherein curve A represents manual 
and curve B automatic call distributing, are intended to show the 
percentage difference in first cost of the central office equipment, 
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exclusive of long distance equipment, of single-office exchanges 
varying from 1000 to 10,000 lines, when the number of calls 
per line per day varies according to the,curve of Fig. 1. 

The curves C and D of Fig. 4, wherein curve C represents 
manual and curve D automatic call distributing, are intended 
to show, in multi-office exchanges of 10,000 lines, the percentage 
difference between the two systems in first cost of the central 
office equipment, except long distance equipment, of offices of 
the particular number of lines as shown, when the number of 
calls per line per day is 18, and when the percentages of con- 
nections, as shown, are trunked. 

An inspection of the curves will show the first cost in single- 
office exchanges of the central office equipment of an automatic 
call distributing exchange of 6750 lines or less to be greater than 
that of a manual exchange of equal number of lines, while for 
single-office exchanges of a greater number of lines the first cost 
of the automatic call distributing becomes less than that of a 
manual exchange of like number of lines. 

In multi-office 10,000-line exchanges operating under con- 
ditions hereinbefore set forth, the first cost of the central office 
equipment of the automatic call distributing system is less than 
that of the manual system, when the size of an office exceeds 
about 4300 lines. 

Thus from the above we find, ‘under the conditions herein 
assumed, that the cost of operation of the automatic call  dis- 
tributing system is, for all sizes of exchanges, less than that of the 
manual multiple telephone switchboard system, and that for the 
larger sized offices, i.e., offices of the greater number of sub- 
scribers’ lines, not only the cost of operation, but also the first 
cost, of the automatic call distributing system is less than that 
of the manual system. 

In considering cost of operation I have not so far taken into 
consideration the relative cost of maintenance. As the switches 
for ‘accomplishing automatic call distribution are more complex 
than the central office apparatus used in the manual system, the 
cost of the maintenance of these switches will somewhat increase, 
in the writer’s opinion, the total annual maintenance cost of the 
central. office apparatus. But it must be understood that the 
amount of the apparatus which would be used in the manual 
system is decreased, when automatic call distribution is applied, 
the result being that the increased annual maintenance cost of 
the automatic call distributing system, owing to the selective 
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switches, over that of the manual system, will be very slight; 
it may in fact be considered negligible, when compared with the 
great saving in operators’ expense. 

What I have hereinbefore stated has had reference particularly 
to new installations of central office equipment. Before con- 
cluding the discussion I will state that automatic call distribu- 
tion may with economy be applied to existing exchanges. As 
an example, considering a single-office exchange of say 6000 
lines, it is found by reference to curve A, Fig. 3, that without 
automatic distribution approximately 51 operators are, during 
the busiest hour, required to handle the traffic, while with auto- 
matic call distribution with the same number of operators, 
(see curve B of Fig. 3) the traffic of approximately 9300 lines 
may be handled during the busy hour. Thus by installation of 
the automatic call distribution apparatus and the necessary 
multiple jack terminals for the number of lines over and above 
6000 lines, the number of lines of the exchange may be increased 
approximately 55 per cent. Thus with only the number of 
operators necessary to handle the traffic of the original 6000- 
line manual exchange, the traffic of an exchange of 9300 lines 
may be handled. The cost of additional equipment necessary 
to accomplish this result, it is believed, would not be greater 
than the cost of the equipment necessary to increase a manual 
exchange from 6000 to 9300. 

Or, if it is not desired to increase the number of lines of the 
exchange, the cost of operation may be reduced by the installa- 
tion of the apparatus necessary for automatic call distribution, 
and it is believed that the decrease in cost of operation will be 
much greater than the interest on the additional investment and 
the additional cost of maintenance of the automatic call dis- 
tribution apparatus. 

Another manner in which automatic call distribution may 
be applied to existing exchanges is to install equipment necessary 
to handle the traffic during the busiest hour with automatic call 
distribution apparatus and thereafter, by dividing the switch- 
board including the multiple equipment, utilize the positions 
not then required, as a separate switchboard, which may then 
be equipped with the automatic call distribution apparatus 
and by installation of trunking apparatus and circuits, the ex- 
change may be converted into a multi-office of a greater number 
of lines. The increase in number of lines will depend upon the 


number of operators’ positions of the original equipment saved 
by the change. 
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Either of the above changes from the manual system to the 
automatic call distribution system can be accomplished without 
impairing in any manner the efficiency of service, as the change 
may be made on each position of the switchboard and on each 
line without disturbing in any manner the other positions or 
lines of the office. 

None of the above could be accomplished if it should be 
attempted to change from the manual multiple switchboard 
system to any other system other than the automatic call distri- 
bution system. 

Should the attempt be made to change an existing manual 
exchange to an automatic exchange, not only would the numbers 
of the substations of all the lines have to be changed, requiring 
a new directory and confusion on the part of subscribers, but 
all of the telephones would have to be changed or replaced and 
an entire new switchboard provided, incurring enormous expense 
in addition to confusion and probable dissatisfaction in service. 

Should the attempt be made to change an exchange from a 
manual multiple switchboard system to the so-called ‘‘auto- 
manual’’ system, the same confusion in reference to change in 
numbers on the part of the subscribers would be present, and in 
addition it would mean the installation of a new switchboard 
equipment of apparatus of greater amount and complexity than 
would be required even in a full automatic system. 

A telephone company has but two objects—to give satis- 
factory service to its subscribers and a reasonable return to its 
stockholders on the capital invested. 

In accordance with all that has been said, it is firmly believed 
by the writer at this time, that—excepting possibly the largest 
exchanges—when all items of expense are considered, and espe- 
cially in reference to existing manual exchanges, the automatic 
call distribution, as herein explained, will be found to be more 
economical and satisfactory than any other known telephone 
system adapted to give satisfactory service to its subscribers. 
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Discussion ON ‘‘ THE APPLICATION OF AUTOMATIC SELECTING 
DEVICES TO ‘TELEPHONE MULTIPLE SWITCHBOARDS 
(Dyson), PORTLAND, ORE., APRIL 17, 1912. 


A. H. Griswold: I would like to ask Mr, Dyson if it is the 
plan to distribute a call to the first idle operator, or the first 
idle cord. 

A.H. Dyson: It may be the first idle operator, or you may 
arrange it so that the calls for a particular operator will be 
distributed between thousands of lines, or hundreds of lines. 

Gerald Deakin: I want to assume this: suppose two calls 
are coming in almost simultaneously, the first call would reach 
the first cord, the second call may go to the second, or the first 
idle cord, and further on there may be other idle operators who 
would really give much quicker attention to the’call. Is there | 
the possibility of several calls coming in almost at the same 
moment being loaded up before one operator? 

A. H. Dyson: The system is capable of being arranged either 
way; also it may be so arranged that a call will appear before an 
operator only when she is idle, but I don’t think that is a good 
arrangement, because it enables the operators to loaf on their 
jobs. I believe that the loading of an operator will only occur 
at the beginning of business. After that, calls will appear 
before the operators in rotation and will be taken down in rota- 
tion. An operator is placed in connection with the calling 
subscriber if she is not already busy, in approximately one-half 
a second after removing the receiver from the hook. 

H. M. Friendly: Mr. Dyson’s paper deals with certain 
apparatus to reduce the number of answering jacks. I ask if 
he has ever considered reducing the number of multiple jacks 
by the use of such equipment? 

In private branch exchange work that requires that two or 
more trunk equipments be provided at the central office, it is 
often necessary for the operator to test successively all of the 
trunks of a particular private branch exchange, or exchange 
subscriber, before she finds a disengaged trunk, or finds that 
there are no disengaged trunks. This requires time, and the 
consequent clicking due to such tests is more or less annoying to 
the calling subscriber who may be holding the line in waiting 
for the called party. The greater the number of trunks, and 
the more busy the private branch exchange, the more serious 
this trouble becomes. This is aside from the fact that a great 
many multiple jacks, each appearing at every section, are 
required for this service. It has occurred to me that by installing 
a sub-multiple, and that multiple appearing at only one, or 
say at the most, three sections, and then associating these various 
sets of multiple or individual jacks with automatic trunk selectors 
that have access to all the trunks of the private exchange, 
the operator would be relieved of all testing, and the delays 
and annoyances incident to it. She would simply plug into 
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either of her several individual jacks without testing, or if 
jointly used by several sections in multiple, test relatively few 
jacks before finding a disengaged one. The selector equipment 
could obviously be arranged to signal directly by auditory means 
to the calling subscriber, or by visual means to the operator, 
if all the trunks are busy. I would be interested in knowing 
if any such scheme has been contemplated. 

A. H. Dyson: I will answer by saying that each private 
branch exchange trunk may be equipped with a selector switch. 
And the private branch exchange jacks, instead of being multipled 
through the various sections of the board, may be individual to 
each section and connected to the bank contacts of the switches, 
the operation being such that an operator on receiving a call for 
a private branch exchange plugs into any one of the jacks on her 
section assigned to the particular private branch exchange 
wanted, which act causes the switch of an idle trunk line to 
select the jack plugged into by the operator. 

This arrangement saves a certain percentage of jacks required 
on each section and also obviates the necessity of testing the 
private branch exchange jacks until an idle trunk is found. 

Gerald Deakin: Would that not require a separate jack in 
each section rather than a jack multipled through all sections? 

A.H. Dyson: Yes, at the present time you have a number of 
- jacks to each section equal to the number of trunks leading to 
a private branch exchange, and instead of connecting these 
jacks in multiple you make them individual contacts with the 
switches associated with the trunk and multiple the jacks on the 
switches. : 

Gerald Deakin: That would not be very economical in the 
larger exchanges; for example, you would have 30 switches or 
contacts for each trunk in an exchange of thirty sections. 

A. H. Dyson: Take two switches on two trunks connected 
100 sections. You would employ two 100-board switches and 
you would use about the same number of multiple jacks you now 
have. 

A. E. Burghduff: I ask if your system contemplates the use 
of an individual selector for each subscriber’s line. 

A. H. Dyson: As stated in my paper, there is one arrange- 
ment by which it may be accomplished. The arrangement is to 
provide a series of switches common to a group of lines, say a 
hundred of them. We have ten 100-point switches taking off 
a hundred lines, and then upon the removal of the receiver, an 
idle one will be located to select the line better. 

_ By having ten you could have ten full system connections as 
calling lines for each group; they can be continued to any extent 
you desire. . 

Arthur Bessey Smith (by letter): The method which Mr. 
Dyson has described, for handling telephone traffic, has been 
productive of considerable thought by a number of telephone 
engineers, in the past few years. Various names have been 
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applied to it, such as the following: ‘‘automatic traffic dis- 


tributor,”” ‘‘ automatic call distributing system,’’ and even 
‘‘ semi-automatic,” although the last term should not be 
encouraged. In general, the writer concurs with the conclusion 
reached by Mr. Dyson, but feels that several points might 
profitably be more fully expanded. 

The manual telephone switchboard operator works at her great- 
est efficiency during the busy hour, when the calls are coming in 
at their maximum rate for the day. As the load on the board 
falls off, each operator has less to do. Consequently, telephone 
companies attempt to maintain the efficiency of their operators 
by reducing the number at times of light load. Though obviously 
cheaper than maintaining the full force all day, it leaves much 
to be desired. 

When an operator has to handle more than one position, she 
cannot answer calls as fast, since she must reach farther and 
with more effort on each connec- 
tion. The reduction of efficiency 
is clearly shown by the curve in 
Fig. 1. Starting with a standard 
of 100 per cent as the load which 
she can handle at one position, she 
can care for only 73 per cent as 
many calls when two positions are 
assigned. For night work, when 
one operator must tend many posi- 
tions, the efficiency is very low. 
Ten positions give us a load only 
18 per cent of her full one-position 
ability. Thus the expedient of ad- Fic. 1 
justing the number of operators to 
the load results in great loss of efficiency without making the 
work any easier. 

If the load curves of each of the positions on a board be 
examined it will be found that the busy periods do not occur 
at exactly the same time on all positions. This causes a further 
loss in efficiency. Fig. 2 was taken from an actual peg count 
and illustrates the inequality very well. From 6 to 7 a.m., 
position 9 is the only one to have an appreciable load. From 
10 to 11 a.m., positions 4, 6 and 9 have an increased load, while 
5, 7, 8 and 10 have very much less to do. The afternoon peak 
comes between 4 and 5 on positions 5 and 9, between 5 and 6 
on positions 7 and 10, while it is as late as between 7 and 8 on 
positions 4, 6 and 8. 


PER CENT CALLS 


1 a 9 1¢ 
POSITIONS HANDLED BY ONE OPERATOR 


In general, the traffic manager aims to equalize the load by 


rearranging the lines at the immediate distributing frame so 
that as far as possible the busy time will be equalized. This is 
a matter of difficulty, for it requires constant attention and 
much thought and labor, Very few exchanges are successful in 
securing it, 
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There is another great loss of efficiency due to the evil of 
“rushes.” For instance, when we say that 225 calls were 
handled by one operator in one hour we have only a partial 
idea of her speed. During that hour the calls did not come in 
an even, steady stream. There were periods of rush, when she 
may have been answering calls at the rate of 700 or 800 per hour, 
followed by short periods of slow calling or even idleness. The 
observations of experienced operating companies has shown 
that even during the busy hour, an operator is actually working 
only 50 per cent to 67 per cent of the time, the latter figure being 
unusual. 

Formerly the only known method of reducing the inequality 
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was “team work.’’ Each operator is trained to keep lookout 
over the position to her right and left so that if her neighbor 
has more than she can do, assistance can be given. Though 
this reduces the evil a little, it still fails to get at the root of the 
matter. ‘ 

The ideal condition in manual operation would be reached if 
there could be secured an absolute uniformity of load on all the 
operators. We could then reduce or increase the number of 
positions to suit the load, each working at full efficiency all the 
time. The momentary rush would lose its terror, being lost in 
the general average. Since one position is as busy as another, 
one has no necessity for helping another. The elimination of 
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the answering cord reduces her manipulations very materially. 
On a conservative basis it is believed that this will save about 
22 per cent of the time required per call. PS 

In addition to the 22 per cent saving in time secured. by 
simpler operation, we have a large saving in the uniformity 
with which calls come to each operator. Under good operating 
conditions at ordinary manual boards, the operator is actually 
engaged only two-thirds of the busy hour. By means of the call 
distributor this can be raised to five-sixths, or at a loss of only 
ten minutes in the hour. This alone amounts to a 25 per cent 
increase in efficiency. The saving of 22 per cent in time per call 
means a gain of 28.5 per cent in efficiency, which taken in 
connection with the 25 per cent makes a total increase in effi- 
ciency due to these two causes of 60.6 per cent. This takes into 
account only the busy hour load. 

Adjustment of Operating Force to the Work. It has been 
found in ordinary practise that the average number of calls 
answered by an operator is about 75 per cent of what she 
- answers during the busy hour. This is known to be due to the 
loss of speed incurred by having one operator tend two or more 
positions. With the traffic distributor no operator ever has to 
tend more than one position, because as the force is reduced, the 
vacant positions are made busy, thus restricting the traffic 
to the occupied positions. Thus each girl may be held up to her 
busy hour load, so that no loss need occur from this source. 
This will add about 33} per cent to the operator’s average all- 
day efficiency. The number of positions occupied can be in 
direct proportion to the total traffic. 

Saving in Operators’ Salaries. Since the operators’ speed 
has been increased it will take fewer operator-hours to run the 
board. The increase of 60 per cent in busy hour efficiency 
mentioned above means a saving of 37.5 per cent in force, or 
a busy-hour force only 62.5 per cent as large as under ordinary 
conditions. 

The increase of speed of 333 per cent in all-day work means 
another reduction of 25 per cent of the operator-hours necessary 
to run the board, or a force equal to 75 per cent of the old force. 
Taking both these reductions into account makes the new oper- 
ator-hours 47 per cent of the old. We may say, then, that with 
the automatic call distributor a manual board can be operated 
with less than half the operator-hours and less than half the 
operators that are now necessary with ordinary methods. 

A Comparison. The advantages of the automatic traffic 
distributor over ordinary manual operation are most strikingly 
shown by direct comparison. In the following list the traffic 
conditions which reduce efficiency are given with the remedy 
which each system proposes. 


GENERAL HourLy VARIATION 
Ordinary Manual. Adjust number of operators to suit load. Greatly 
reduce efficiency at light load. Inferior service at overload. 
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Call Distributor. Adjust number of operators in exact proportion to 
load, each at full efficiency. 


Hourty VARIATIONS BETWEEN POSITIONS 


Ordinary Manual. Use of intermediate distributing frame and team 
work. 
Call Distributor. The difficulty does not exist—the load is equal on 
all. 
MOoMENTARY RUSHES, VARIABLE BETWEEN POSITIONS 


Ordinary Manual. Team work. 
Call Distributor. Uniform for all operators. 


REDUCED EFFICIENCY WHEN TENDING MORE THAN ONE POSITION. 


Ordinary Manual. Team work, but a very slight remedy. 
Call Distributor. Difficulty does not exist, as each operator tends one 
position at all times. 


From the foregoing it is seen that regarding every difficulty 
for which the ordinary manual has a partial and inadequate 
remedy, the automatic call distributor meets the issue squarely 
by removing the cause. 

The automatic call, or traffic distributor, offers a very satis- 
factory intermediate step between manual and full automatic 
operation. If the human operator is to be retained at all, this 
system retains her services under the most favorable conditions. 
Those systems in which the operator is entirely cut off from the 
connection after it has been established, fail to secure the 
advantages of the much-talked-about human intelligence and 
personal touch. However, the writer is of the opinion that the 
human intelligence can be to advantage dispensed with, for the 
majority of telephone connections, and that full automatic 
will give a class of service superior to that of any other device 
which has so far been discussed. 
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DESIGN OF TELEPHONE POLE LINES FOR CON- 
DITIONS WEST OF THE ROCKY MOUNTAINS 


BY A. H. GRISWOLD 


One of the most important portions of the outside plant of 
the companies engaged in the transmission of energy or intel- 
ligence is the structure for supporting the conductors, and as 
such it is receiving a constantly increasing consideration from 
engineers, as the value of an uninterrupted service at the least 
cost is being realized. 

Of the companies using pole lines in the states west of the 
Rocky mountains, the Pacific Telephone and Telegraph Com- 
pany undoubtedly has the most invested, encounters the greatest 
diversity of conditions, and covers more territory than any other 
company. For these reasons, this artiele will be devoted 
largely to the practises of this company. 


WEATHER CONDITIONS 


One of the most important factors in the design of pole lines 
is the variation in weather conditions, and in the region under 
consideration these conditions range from the mildest to the 
most extreme. 

In Oregon and Washington, the destructive ‘‘ pogonit ’’ and 
‘“‘ silver thaw ’’ occur. The former is a weather condition en- 
countered near Spokane, Wash. The word “ pogonit’’ is an 
Indian name given heavy fogs which drift inland and freeze on 
cold exposed surfaces. The accumulation of ice on the wires 
sometimes to a diameter of about four in. (10 cm.) frequently 
causes complete failure, especially when followed by winds 
of high velocity. 

The ‘silver thaw,’’ while in many respects similar to sleet 
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storms encountered in other parts of the country, is a name 
applied to a peculiar condition existing in Portland, Ore., and 
the near vicinity. Portland is situated at the junction of the 
Willamette and Columbia rivers. The winter climate of the 
Willamette valley is temperate while that of the Columbia 
valley is very severe. A very cold east wave passes down the 
Columbia valley and settles over Portland. This wave is usually 
of a temperature of from 5 to 22 deg. fahr. A southerly wind 
from the Willamette valley sweeps the moisture-laden clouds 
toward Portland, the clouds being deflected to the upper strata 
by the hills south of the city and over the cold air from the east. 
Precipitation then starts from the upper strata, freezing in pass- 
ing through the cold lower strata and crystallizing on all solid 
objects. This condition has occurred in the past on an average 
of every four years since 1871 (before which time no records 
were kept). During this period, however, there have been only 
three storms which have been severe, those of 1881, 1907 and 
1912. During the last storm all aerial plant in Portland was 
coated with from one-half to one in. (13 to 25 mm.) of solid ice. 
(See Figs. 1a and 1s). 

On the Coast range and high Sierras, high winds, low tempera- 
tures, sleet and great depth of snow are experienced. In some 
portions, such as at Summit, Cal., the Government records 
show the annual average snowfall to exceed 36 ft. (10.9 m.) and 
occasionally the annual fall exceeds 65 ft. (19.8 m.) During 
long-continued storms the snow sometimes reaches a depth 
sufficient to cover the entire pole line, (see Fig. 2), burying it 
under many tons of snow. During subsequent changes of 
weather conditions a crust forms and gradually sinks, crushing 
the whole line by sheer weight. 

In the southeastern portion of California, embracing the 
territory of the San Bernardino and Colorado Ceserts, one of 
the highest ranges of temperature in the United States occurs. 
Government records show that the annual range of temperature 
in that region varies from the freezing point to over 130 deg. 
fahr. A temperature of over 140 deg. has been reported. Such 
great temperature changes make it necessary to exercise great 
care in stringing the conductors. An exact relation between 
sag and temperature must be maintained to prevent dangerous 
stresses arising during subsequent falls in temperature. 

On the mountains bordering the Pacific coast, and especially 
along certain exposed portions of the coast, high winds are 
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encountered. On the eastern edge of the mountains bordering 
the western side of Death valley and the Salton or Colorado 
desert, the winds often reach the magnitude of a hurricane. 
High velocities are recorded annually during the months from 
October to March. Along the entire coast, and throughout the 
larger portion of Southern California, weather conditions of 
unusual mildness prevail. It is evident, therefore, that weather 
conditions as severe as any in the United States, as well as the 
most mild conditions, must be met in the design of pole lines.!~ 


POLES 


Supply. Of the available supply of timber existing in any 
quantity west of the Rocky mountains, but three kinds are 
suitable for poles in the untreated form—Western red cedar, 
(thuja plicata) commonly known as Western white cedar, red- 
wood (sequoia sempervirens), and Port Orford cedar or Lawson 
cypress, (chamaecyparis Lawsoniana). Due to the limited supply 
of the Port Orford cedar, it is not of much importance, not- 
withstanding its virtues. When open-tank or pressure pre- 
setrvative treatment becomes general, the field of available pole 
timber will be much widened by the use of such woods as lodge- 
pole pine, yellow pine, Douglas fir, tamarack and other conifers. 

With a few exceptions, redwood is used for poles only in the 
sawn form, and since redwood is used very extensively for struc- 
tural purposes, the price depends upon the market price of red- 
wood lumber, which fluctuates considerably. Unlike redwood, 
which is sawn from very large trees, cedar is generally used in its 
natural form. Inasmuch as the demand for poles is probably 
much more uniform than for lumber, and also because of the 
fact that the greater portion of the timber used for poles would 
be of little value for other purposes, the price of cedar poles is 
comparatively uniform. It is often economical to use sawn 
redwood poles where there is an excessive demand for any one 
size, because of the facility with which poles of a given size may 
be provided, and at the same time not react unfavorably on the 
price, as it would in the case of a heavy demand for a particular 
size of corresponding cedar poles. This economy was recently 
practised in the construction of a line from Banning, Cal., to 
Yuma, Ariz., where approximately 7000 redwood poles of the 
same dimensions were used—20 ft. (6.1 m.) long, 5 in. (12.7 cm.) 
tops, 9 in. (22.8 cm.) butts. 

At present the supply of cedar poles is obtained principally 
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from that part of Washington adjoining Puget Sound, because 
of the cheap water transportation to other points on the Pacific 
coast. There is still much available pole timber in the interior 
of Washington, Oregon and Idaho, which has not yet been drawn 
on to any great extent. 

In many portions of the western timber country, there are 
large quantitites of fire-killed timber conveniently situated for 
water transportation. This timber has heretofore been con- 
sidered worthless either for structural purposes or for poles, 
but from recent investigation it is thought to be as valuable for 
poles as live timber. It will probably come into extensive use 
in the near future, as it comprises about 15 per cent of the avail- 
able pole supply. These poles are particularly adapted to treat- 
ing because of their thorough seasoning. 

Split cedar poles have a limited use in localities where small 
round cedar poles are not available. These poles are obtained 
by splitting larger trees where it is not economical to have them 
sawn. It is generally conceded that they are more resistant to 
decay than sawn poles, because the cells are not opened as in 
sawing. However, they are very unsightly and are not used 
where the appearance of the line is essential. 

Destructive Influences. Of all factors which tend to influence 
the selection of a timber for pole work, the rate of butt rot is 
undoubtedly the most important. Even when exposed to the 
same conditions, the life of untreated poles of equal size may vary 
from two to twenty years or more, depending on the variety. 
However, if a pole could be obtained large enough, it could be 
designed for any reasonable definite life if the rate of rot could 
be determined. 

The generally accepted theory of rot is that it is caused by a 
low form of life termed fungus which excretes substances which 
either dissolve or cause a gradual deterioration of the fibre of the 
wood. Many conditions enter to affect the rate of rot of a given 
pole, 2. e., the moisture, temperature, air supply, the food value 
to the fungi of the wood in question, nature of the soil, amount 
of drainage, and perhaps the stresses to which the pole is sub- 
ject. The latter at first may not seem important, yet it has been 
noticed that corner poles, and poles subject to repeated shock, 
rot at a considerably more rapid rate than others, possibly due 
to fibre fatigue and the consequent lessening of the timber re- 
sistance to decay. The four essentials to rot, or the life of fungi, 
are air supply, moisture, warmth and food. The absence of any 
one of these will prevent decay. : 
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The principle underlying nearly all preservative treatments is 
the removal of any one or more of these essentials. The difficulty 
of regulating the first three, 7. e., air supply, moisture and tem- 
perature, may readily be appreciated, but the removal of the 
food value may be accomplished by impregnating the timber 
with some toxic substance, such as creosote, zinc-chloride or 
copper sulphate. The latter two salts leach out quite rapidly, 
but the creosote will remain in the wood for quite an extended 
period, even when submerged in water, and is effective in pre- 
venting fungi from entering the wood. 

The other agencies acting at the base or ground line of the 
pole, such as erosion, fibre fatigue, or chemical decomposition ° 
in the direct sense, are of little importance in the absence of 
fungi. 

However, butt rot is by no means the only destructive influence 
encountered. In the San Joaquin valley, near Middle river, 
a section of line a number of miles in length has several times 
been burned by slow peat fires. If this trouble becomes more 
serious, it may be necessary to imbed the poles in a footing of 
loose gravel of sufficient thickness to prevent the heat from in- 
juring the pole. For a short distance over the Yuma-Los 
Angeles line, after entering the desert country, the poles are 
subject to a sand-blasting action due to the sand carried by the 
strong winds. Fig. 3 illustrates the destructive effect of these 
storms on survey stakes which were in the ground for a period 
of only four or five months. Many remedies have been sug- 
gested, such as non-drying paint, which will collect a sand coat- 
ing, metal sheathing, or some paint which would present a hard 
stone-like surface. For a number of years the Western Union 
Telegraph Company has protected its poles from this action by 
placing stubs on the windward side. 

In addition to the conditions named, which work towards the 
destruction of pole lines, there are storms, fires, white ants, 
woodpeckers and other minor agencies. 

Rate of Decay. As before stated, the life of any given pole 
is very uncertain. However, if a sufficient number of measure- 
ments are taken at the point where maximum decay occurs, a 
very close determination of the average rate of decay of any given 
wood may be determined for a given territory. 

A very extended determination of the average rate of butt rot 
of Eastern white cedar has placed it at about 0.3 in. (7.6 mm.) 
in circumference per year as an average under all conditions, 
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That of Western cedar is probably approximately the same. 
However, steps are being taken to determine this rate accurately 
_ for the Pacific coast for redwood and Western cedar poles. The 
rate for redwood varies with the physical characteristics of the 
wood. Some portions of the butts (i.e, ‘“ butt cuts ’’) show 
remarkable resistance to decay, while sapling and “‘ top cuts ’§ 
often decay rapidly. The rate of decay of sawn redwood is now 
considered to be approximately the same as that of cedar, al- 
though this is probably too great, due to the fact that sawn red- 
wood poles contain no sapwood. 

In this connection, it might be interesting to state that the 
point at which decay proceeds most rapidly is just below the 
ground line for Eastern cedar, and abotit four to eight in. (10.1 
to 20.3 cm.) below for Western cedar. 

Strength of Poles. Realizing the importance of Western cedar 
and the necessity for definite information regarding its physical 
characteristics, the Pacific Telephone and Telegraph Company 
undertook to obtain the modulus of rupture or the ultimate unit 
outer fibre stress of poles used in the construction of its lines. 

It is a well established fact that in order to obtain the true 
modulus of rupture of a given timber, actual structural timber 
must be tested. Since this is the first test performed in the West 
on poles in a manner closely approximating the conditions exist- 
ing in the line, it may be of interest to describe somewhat in 
detail the methods of conducting the test and the conclusions 
drawn. 

PoLE TEsTs 

Specimens. Eighty poles were carefully selected as repre- 
sentative of the forest run used for pole work. They were of 
three classes—Western cedar from Idaho, Western cedar from 
Washington and Port Orford cedar from the western slopes of 
Oregon. From each of these three classes specimens were se- 
lected as follows: 


6-in. 7-in. 8-in. 9-in. 
Length (15:2 cm.) (17.7 cm.) (20.3 cm.) (22.8 c.m) 
Eis m. top top top top 
25 ¢.6 3 or more 3 or more 3 or more 
30 =—9.1 3 or more 3 or more 3 or more 


35 610.6 3 or more 3 or more 3 or more 


The Western cedar at the time of the test had been cut from 
one to eight years from live growing timber. The poles were 
about equally divided between summer and. winter cut. The 
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Port Orford cedar had been summer-cut 23 months before testing 
from fire-killed standing timber. As would be expected from the 
length of time they had been cut, the poles were well air-seasoned. 
No consistent method was followed in seasoning, and conse- 
quently some poles contained very large weather checks, while 
@hers which received less rigorous treatment were in good 
condition. 

Apparatus. Figs. 4 and 5 give a clear idea of the apparatus 
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Fic. 5—ISOMETRIC DRAWING OF TESTING APPARATUS 


and its dimensions. The uprights were made of 12 in. by 12in. 
(30.5 by 30.5 cm.) Douglas fir, thus making the apparatus very 
rigid. The conditions of actual service were duplicated as nearly 
as possible, the pole being inserted between the uprights six ft. 
(1.8m.) from the butt, or at about the average ground line. The 
main part of the pole extended forward free from all obstructions 
to a metal covered platform where the end rested upon a metal 
carriage, which in turn traveled on the metal platform.. The 
carriage was ‘provided ‘with easily running truck castors to facili- 
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tate its travel in a circular path. A constant pull of ten pounds 
(4.5 kg.) was necessary to overcome the friction of the carriage, 
final readings being corrected by this amount. 

All deflection readings for the crushing of the pole at the butt 
and ground line, the movement of the machine and the top 
deflections were taken from stakes driven into the ground, and 
entirely independent of the machine. The top deflections were 
corrected for the crushing at the ground line and butt and the 
movement of machine by an amount equal to 
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where L = length of pole 
K = distance between supports 
D, = movement of pole at B (See B, Fig. 5) due to 
crushing of wood and movement of support. 
This formula applies only to the case where the movement at A 
and B is the same, which was found to be true in practically 
all cases. 

The traction dynamometer was calibrated, the true reading 
being plotted against the observed reading. The winch and 
tackle gave a mechanical advantage of 150. 

Method of Conducting Test. The test specimen was first 
carefully examined and noted for defects, such as injuries to 
sapwood from rough handling, grubs, worms, ants, bark trim- 
mer’s axes, weather checks, (star or ring), butt or top rot, large 
knots, an excess of sapwood or very irregular sections. The 
weight was obtained by the use of a pair of spring scales sus- 
pended from a tripod. The dimensions of the pole obtained were 
top circumference, butt circumference, circumference six ft. 
(1.8 m.) from the butt, circumference of the center, in inches, and 
the length in feet. 

The specimen was then lifted into the machine, six feet (1.8 m.) 
of the butt blocked tightly against the uprights, and an initial 
tension put into the rigging to clear all obstruction. The length 
of the lever arm was then obtained. 

The pole was deflected at the constant rate of one ft. (30.5 cm.) 
per minute until failure took place, deflection readings being 
taken at the top, ground line and butt for each load increment of 
100 lb, (45.8 kg.) The top readings were taken from a nail 
driven into the center of the pole to avoid errors due to unequal 
fibre strain or rolling, After failure, the distances from the 
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point of fracture to the top and ground line were measured. The 
circumference at the point of fracture was calculated from the 
dimensions previously obtained. After examining the nature 
of the fracture and photographing, a one-in. (25.4 mm.) section 
to be used as a moisture sample was obtained as near the point 
of failure as possible. These sections were also used to obtain 
the rings per inch and percentage of sapwood. The samples 
were weighed immediately after cutting and again after being 
oven-dried to a constant weight, the percentage of moisture 
being then calculated in terms of the dry weight. Figs. 6 to 10 
show typical fractures for the woods tested and the effects of 
the various defects encountered. 

Calculations of Tests. The pole was treated as a tapered 
cantilever beam and the calculations for the modulus of rupture 
MC 
Seas 
assuming that this law holds to the point of rupture. In ob- 
taining the volumes and weights per cubic foot, the pole was 

treated as a truncated cone. 
Following are the data obtained, and curves, Fig. 11, show 
the comparative strengths of the timbers tested: - 


made by means of the fundamental formula, S = 


POLES 1-27 INCL. 
WESTERN CEDAR (THUJA PLICATA) FROM IDAHO 


Modulus | Moisture Sapwood | 
of rupture | content percent of | Rings Weight per Load at failure (Ib.) 
(lb. per per cent total area | perinch | cu. ft. (1b.) 
sq. in.) 
5,270 | 10. 26. 20, ond 2,214 (1,004.2 kg.) ~ 
if 


POLES 28-51 INCL. 


LAWSON CYPRESS OR PORT ORFORD CEDAR (CHAMAECYPARIS LAW 
SONIANA) 


FromM WESTERN SLOPES OF OREGON 


7,220 | 12. | 


16. 26.7 


3,040. (1,378.9 kg.) | 


POLES 55-81 INCL. 
WESTERN CEDAR (THUJA PLICATA) FROM OREGON AND WASHINGTON 


| 
| 


21.9 |--1,928 (874.5 ke.) 


5,350 15. 


384. | 12. 


i 
Note.—The per cent of sapwood was not calculated on Port Orford cedar because of 
the difficulty in differentiating between the heart and sapwood on many of the samples. 
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Conclusions from Tests. Weather checks are an important 
factor in the weakening of Port Orford cedar, and as in the case 
of red cedar, the more rapid the growth the weaker the pole. 

The analysis of the cause of weakness of any pole was made 
difficult by the insufficient data on the history of the particular 
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FROM DATA OBTAINED FROM TESTS BY THE PACIFIC TEL. & TEL. CO. 
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Fic. 11—CoMPARATIVE STRENGTH OF POLE TIMBERS 


poles tested. The principal causes of weakness of Western red 
cedar, in order of their importance, seemed to be: 


A’ Teredo pitting 


1. Injury to sapwood B Bark trimmer’s axe cuts. (See Fig, 9) 
C Bruising 
2. Rapid growth 
3. Excessive sapwood (See Fig. 10) ae 
..4..Weather checks ' 
5. Knots. 
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Injury to sapwood, although of very great importance in 
reducing the initial strength of the pole, has probably no bearing 
on the effective life. No center rot being encountered, con- 
clusions were not formed as to its bearing on the strength of 
the pole. 

Due to the low moisture content of the poles tested, no con- 
clusions could be drawn as to the effect of moisture on-the 
strength of poles. However, since poles used in line construction 
are generally cut several months before being set, they are 
usually moderately well seasoned and under such conditions 
the moisture content cannot be considered of any great im- 
portance. 

The results of the tests of Port Orford cedar are far more 
consistent than those of Western cedar, due probably to the 
timber being more uniform in age and quality. 

The data show definitely that the Western poles are not of an 
economical taper and that the ground line is the critical point. 

In obtaining the data given above, only those poles which 
contained defects as listed in the specification adopted by the 
Pacific Telephone and Telegraph Company were discarded. 


CLASSIFICATION AND SPECIFICATIONS — 


The strength and rate of rot of poles are of fundamental 
importance in determining their life under a given load. The 
ultimate load to which the pole is subject may be determined 
with a reasonable degree of accuracy. The life assigned is 
dependent upon the increase of load necessitated by the develop- 
ment of the surrounding country, probable changes in equip- 
ment, new laws or ordinances affecting the construction and the 
economical life as determined by a cost study. With the life 
assigned and the load known, it is only necessary in order to 
obtain the original circumference at the time of setting to add 
sufficient wood to allow for the rot at the ground line during 
the life of the pole. 

In drafting specifications for poles, it is desirable to utilize as 
great a portion of the forest run of poles as possible, in order 
that there shall be no reaction on the price due to the excessive 
demand for any particular size. 

The following specifications based on these factors for eten 
cedar poles, with the classes assigned according to the import- 
ance and size of the line, will further illustrate the Bree ee 


of this principle. 
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A B | G D | E F | 
| [Minimum | [Minimum [Minimum | [Minimum [Minimum | [Minimum 

top circum- | top circum- | top circum- | top circum- | top circum- |top circum- 
Length | ference ference ference ference | ference ference 

| of 28 in. 25in. | 22in. 18} in. 15 in. 12 in, 

| poles (71.1 cm.)] | (63.5 cm.)] | (55.8 cm.}] | (47 cm.)] | (38.1 cm.)] | (30.5 cm.)] 

| Circum- Circum- Circum- Circum- 

ference ference ference ference 
6 ft. from | 6 ft. from | 6 ft. from | 6 ft. from 
butt butt oleh e* butt butt | 
ft. meters | in. cm, | in. cm. | in. em. |} in. cm. 

/ 20 6.1] 30 76.2} 28 71.1 | 26 66.0; 24 60.9 No butt No butt 
22 6.7 | 32 81.3 | 30 76.2 | 27 68.6 | 25 63.5 require- require- 
25 27.8) S421 86538") SF e8e7 e289 VL Ie 26 6670 ment ment 
30) Ont i37 994.0) 03400 8623 30) wa reee | 280 eed. | 

| 85 10.6} 40 101.6 | 36 91.4 | 32 81.3) 30 76.2 | 

40012120) 43,0 109820)" 3S Obra? aie eSONG_ (eae oles | 

145 13.7145 114.3] 40 101.6 | 36 91.4 34 86.3 | 
50 15.2 | 47 119.3 | 42 106.7 | 38 96.5 | 36 91.4 
55 16.7 | 49 124.4 | 44 111.7 | 40~101.6 | 38 96.5 | 
60 18.3 | 52 132.1 | 46 116.87) 41 104.1 / 39 8699.0 | 
65 19.8 | 54 137.1 | 48 121.9 | 43 109.2 | 

| 


The foregoing specifications do not require seasoned poles; 
however, it is preferable to use seasoned poles because of the 
lessened weight and subsequent lessening of the cost of freight 
charges and handling. Well seasoned cedar poles may lose from 
20 to 35 per cent of the original weight, depending on the season 
in which they are cut. Autumn and winter cut poles will usually 
lose the greatest percentage of weight. A material increase of 
strength follows thorough seasoning. The weight of green 
poles varies from 34 to 39 1b. per cubic foot (545 to 625 kg. per 
cu. m.), while that of seasoned poles may be from 20 to 26 lb. 
per cubic foot (321 to 465 kg. per cu. m.). 

The top size specifications in general use at present are en- 
tirely irrational inasmuch as the top size of a round pole is no 
indication of its desirability or life under a given condition. 
The taper may vary considerably on a given top size pole, de- 
pending upon the environment in which it was grown, the judg- 
ment of the cutter and many other uncertain factors. 

The average circumference taper of Western cedar is slightly 
less than three in. (76.2 mm.) per 8 ft. (2.44 m.) of length, while 
that of Port Orford cedar is three in. in circumference per 10 ft. 
(3.05 m.) of length. 

A pole of economical taper, disregarding decay, would be one 
that theoretically would not break at any one point, more 
readily than at any other point, 7. e., the unit stress of the most 
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strained fibre would be a constant for any section of the pole. 
Since the strength of a pole increases as the cube of the diameter, 
an economical taper would require a pole of a taper that is 
probably never reached in practise. For instance, a pole seven 
in. (17.8 cm.) in diameter at the point of load would require 
about a 22-in. (55.9 cm.) ground line diameter if the load were 
applied 30 ft. (9.1 m.) from the ground line. In addition, butt 
rot is continually reducing the effective taper. Sawn poles have 
the advantage that any desired taper may be obtained at will, 
of course, within practical limits. 

Pole Spacing. The spacing of poles varies greatly, and 
depends principally on the nature of the conductors, degree of 
exposure to the elements, and the factor of safety desirable. 

The above specifications are based on about a 15-year life 
with a spacing of 130 ft. (39.6 m.) for 60 wires or less, and 120 ft. 
(36.5 m.) for 61 to 80 wires, and on the assumption that the line 
will be subjected to a wind of 50 miles per hour and a sleet load 
of ¢ of an inch (6.38 mm.) in thickness and that the conductors 
are all of the average size used in telephone line construction. 
If it is desired to increase the life of a line, the span is shortened, 
thus reducing the load per pole and obviating the necessity of 
increasing the size of the pole. Because of the increasing cost 
and relative importance of lines which exceed a capacity of 70 
wires, the spacing is reduced from 120 ft. (36.5 m.) for 70 and 
80 wires to 100 ft. (30.5 m.) for 70 wires, and 90 ft. (27.4 m.) 
for 80 wires, where severe weather conditions exist. This has 
been done to increase the life and reduce the liability to accidents, 
and thus bring the pole line in cost equilibrium with the re- 
mainder of the outside plant. 

Where it is desirable to take advantage of local favorable 
conditions, this may be accomplished either by increasing the 
span or decreasing the size of the pole. The latter method would 
involve very little saving outside of the decreased cost of handling 
poles of lighter weight and the difference in cost of the smaller 
poles, except where a heavy demand for poles of a larger size 
would react unfavorably upon the price. The first method, 
however, presents several advantages, such as the saving of the 
first ost and erection cost of several poles per mile with the 
necessary fixtures, and may be adapted to make all portions of a 
line consistent with the varying degrees of exposure to the 
elements. 

Because of the wide range of weather conditions existing in 
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the Pacific Coast territory two spacings have been designed, one 
applicable to localities where severe weather conditions exist and 
another to regions of mild weather conditions. The considerable 
saving effected may readily be appreciated by the comparison 
of the two spacings. 


Ultimate Capacity 


80 wires | 70 wires 60 wires 
| 7 ees y ‘ 2 | 
Severe conditions,.............. 90 ft.-27.4 m. | 100 ft.-30.5 m. | 130 ft.-39.6 m. 
Mildsconditions’, eee entree cas 130 ft.-39.6 m. | 155 ft.-47.2 m. | 200 ft.-60.9 m. 


/ £ 


It must also be understood that the spacing for mild conditions 
is less than would be theoretically possible, because of other 
limiting factors, such as greater relative importance of the 
larger lines, danger of swinging contact of wires and an endeavor 
to maintain the line in cost equilibrium with the remainder of 
the outside plant. os 

Replacement of Poles. Realizing the importance of uninter- 
rupted service, and the variation of conditions affecting butt rot, 
a replacement inspection for pole lines has been provided. 
Although a line is generally designed for a 15-year life, the first 
inspection takes place eight years after erection and others 
every three years thereafter. It is the practise to allow the pole 
to reach approximately a safety factor of one before replacing. 
However, .if the line is considered of unusual importance, or 
unfavorable conditions exist, a safety factor slightly greater 
determines the point of replacement. In order to introduce these 
factors and varying degrees of exposure to which a given line 
may be subject, replacement tables have been compiled, giving 
the minimum allowable circumference of sound wood at the 
ground line. The application of the replacement size necessarily 
is regulated entirely by the actual load upon the pole and not 
by the ultimate capacity. 

LoaDs 


Except in lines carrying very heavy circuits, the columh load 
may be disregarded and only the lateral wind need be considered 
in calculating the pole stresses due to wind loads. 

The severity of conditions provided for may not necessarily 
be the most extreme that long experience has proved possible, 
as a cost study may prove definitely, for instance, that it may 
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be more economical to assume the risk that the line may be 
wrecked before its economical life is reached rather than to 
build it sufficiently strong to withstand the maximum stresses 
possible over that period of time. In calculating wind loads, 
added surface exposed to the wind by the accumulation of sleet 
is one-of the most important items to be considered. In order to 
avoid unnecessary complications, the column load is neglected, 
the pole and sleet-covered conductors considered as circular 
in section, and the wind as blowing horizontally and at right 
angles to the line. Under unusual conditions, the sleet may 
accumulate to a thickness of two in. (50.8 mm.). However, 
0.25 in. (6.3 mm.) of sleet for small conductors and 0.5 in. 
(12.7 mm.) for large conductors are thought to be conservative 
amounts for which to provide. Wind velocities may exceed 
100 miles (161 km.) per hour. However, a wind of 50 or 60 
miles (80.4 or 96.5 km.) per hour is generally the maximum con- 
sidered. Two types of weather conditions are considered— 
severe and mild,—the former governing the territory of probable 
sleet storms and wind velocities of 50 miles (80.4 km.) per hour 
or more, and the latter the territory where neither sleet nor 
winds exceeding 60 miles (96.5 km.) per hour occur. Fig. 12 
is a copy of a map which was designed to show, in a general way, 
the blanket areas in which these conditions are encountered. 


SAG OF WIRES 


The calculation for the sag of wires is based on the equation 
of the catenary. The fact, however, that the conductor is an 
elastic material under tension must not be lost sight of when 
obtaining the result of a change in load. The component forces 
acting on a wire are the wind horizontally, the weight of the wire 
and the weight of ice or sleet vertically; the resultant of these 
represents the total force. The expansion and contraction due 
to temperature changes must also be considered. The general 
practise in calculating sag is to start with the most severe 
condition thought economical to assume, 7. ¢., maximum sleet, 
minimum temperature and maximum wind velocity and to 
assign the safety factor, generally 2. The sleet and wind loads 
are then considered as being released. This release of load re- 
duces the tension in the conductor,’ which in turn contracts and 
lessens the sag. The lessening of sag again increases the tension 
and between the two conditions a point of equilibrium is reached. 
The conductor being now at the minimum temperature, the 
temperature is assumed to rise, causing the conductor to expand. 
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Here again the tension is released, and the conductor, due to its 
elasticity, contracts until a second point of equilibrium is reached 
for the temperature rise assumed. Thus the sag may be deter- 
mined for any temperature. 

With copper or other conductors with a large coefficient of 
expansion, it is well to obtain the sag at the various temperatures 
at which it is probable the wires will be strung. With other 
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Fic. 12—Map SHowinG GENERAL WEATHER CONDITIONS ON THE 
PAcIFIC COAST 


conductors, it is well to give them the benefit of the doubt by 
assuming that the maximum temperature exists when stringing. 


CROSSARMS AND PINS 
The majority of the crossarms used in this territory are 
obtained in the Oregon and Washington district and are sawn 
from Douglas fir. This timber is cheap, strong and durable 
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when used for this purpose and has been very satisfactory both 
in the untreated and treated form. 

Locust pins are generally used due to their great strength and 
resistance to decay. However, the supply of this wood is 
limited, and experiments are being made on other kinds of wood 
by the Government in conjunction with the Pacific Telephone 
and Telegraph Company. These experiments have not been 
carried on a sufficient length of time to determine the relative 
merits of the woods under observation. 


GUYING 
The problem of guying presents no features peculiar to this 
territory. The pole lines are designed to stand unassisted under 
the assumed conditions, and guys are placed either to afford an 
additional factor of safety or to cope with the local conditions 
which cannot be foreseen in the broad problem of design. 
In general, guys are placed to accomplish one or more of the 
following purposes: 
1. Supporting unbalanced stresses of conductors, due to dead- 
ending or change of direction. - 
2. Balancing loads caused by the attachment of foreign fixtures. 
3. Preventing a local break from running each way along the line. 
Cases 1 and 2 cover the placing of guys to meet unforeseen 
conditions, and case 3 affords an additional factor of safety. 


STANDARDIZATION 


During the infancy of the telephone development in the 
Western States, the first cost was considered the main factor in 
the design of pole line construction, and the importance of 
reduction of maintenance cost and the continuity of service was 
not realized. Now, however, due to the realization of the 
importance of these factors, a great many of the early con- 
struction methods are either obsolete or obsolescent. 

Many refinements have been introduced into pole line design 
which have had an important bearing on the economy of con- 
struction and maintenance. Naturally, the larger pole-using 
companies have been the first to put these practises into effect, 
but it is to be hoped that all companies will follow their lead, 
and that a very desirable standardization of materials and 


methods will result. 
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Discussion ON “‘ THE DEsIGN OF TELEPHONE POLE LINES FOR 
Conpit1ions West oF THE Rocky MovuntTatns”’ (GRIs- 
WOLD), PorTLAND, OrE., Aprit 17, 1912. 


H. Y. Hall: I ask Mr. Griswold what has been the experience 
of the telephone companies in the use of concrete particularly, 
and what has been the effect of the use of concrete on the butt 
rot. That is, under the weather conditions, applied under condi- 
tions similar to those in the west, and also in the different soils. 
The paper states ‘‘ It is the practise to allow the pole to reach 
approximately a safety factor of one before replacing.’’ Would 
that apply to all the poles in the line, or to just an occasional 
pole? I take it that it would be rather unsafe to apply a factor 
of one to a whole line of poles; you might to an occasional pole. 

Gerald Deakin: Is the moisture content considered in 
. determining the strength of poles when set? It is well known that 
the presence of moisture in timber weakens it, and for this reason, 
the strength of well-seasoned poles, as determined by the tests to 
which Mr. Griswold refers, would not give the actual strength of 
the poles when set in moist earth. 

W. D. A. Peaslee: There was in the Sierras, in 1908, a pole 
with two crossarms, eight wires on each crossarm, on which the 
snow and sleet had drifted until the accumulated weight of snow 
on that pole was forty-eight hundred pounds outside of the 
weight of the wires. The Southern Pacific at that time ran two 
copper lines over the Sierras and uniformly along that line, from 
about Blue Canyon down to Truckee, the wire was found, next 
summer, to be much smaller in cross-section. The construc- 
tion crew went over the line this next summer taking up this 
slack and practically a uniform decrease in size of about one 
gage number was found. 

Gano Dunn: Why wouldn’t it have been a good idea to 
leave it? 

W. D. A. Peaslee: Because the next summer it would 
stretch another gage number and would be gone. They have one 
thing that comes in the Tahoe district along the Tahoe part of 
the line, that I have not seen or heard of in any other place. There 
is a green scale that forms on the copper wire in the course of two 
summers. When that was scrubbed off to get down to the 
copper, it was found one gage less in thickness. I have never 
nee of it in any other place and I would like to ask if anybody 

as. 

D. P. Fullerton: Referring to the statement made by the 
previous speaker, I will say that the copper wires of the tele- 
phone company which are strung between Truckee and Lake 
Tahoe have shown the same condition, in that a green scale 
accumulates on the wires and apparently causes a reduction 
in the size of the wire. Nowhere else, so far as I know, have our 
wires been so affected. The lines crossing the Sierra Nevada 
mountains between Sacramento and Reno and which connect 
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with the lines between Tahoe and Truckee at the latter place, 
and go through the same character of country, do not show this 
peculiar condition, although the lines are all exposed to the same 
general local conditions. No special investigation has been made 
to determine the source of this scale on account of the fact that 
the lines affected are rather unimportant circuits and only in 
use a portion of the year. We do find, however, that all 
copper lines strung through the Sierra Nevada mountains cause 
more or less trouble, in the form of shrinkage in the size of 
the wire and apparent loss of life of the copper due to extremely 
‘heavy snow falls that are encountered each year. We do not 
have the large number of wire breaks that would seem possible 
at first thought. The principal trouble is the weight of the 
snow which bears upon the crossarms and carries them from 
the poles; this being due principally to the heavy crust forming 
on the snow which settles on the arms as the snow melts under- 
neath. 

After a couple of years’ study we have found that the life of 
copper wires, particularly the smaller gage wires, is apparently 
gone. Considerable study is being made of this, as stated in 
Mr. Griswold’s paper. I will state that these lines were origi- 
_nally built with very little regard to engineering, but we are now 
giving these questions considerably more study and believe 
that a great many of our difficulties have been overcome. 

P.M. Downing: Mr. Hallhas brought up one question which 
I wanted to ask, 7. e., with reference to the life of the pole when 
set in concrete. There seems to be considerable difference of 
opinion as to whether or not the life is prolonged by the use of 
a reinforcing material of this kind. Of late we have all seen a 
great deal of literature describing different methods of prevent- 
ing the decay of poles by placing concrete shells around them. 

I understand. that patents have been issued covering at least 
two different processes of this kind but so far as I can learn the 
only essential difference between them is in the kind of reinforc-. 
ing metal used and the manner of placing the concrete. 

I have heard it claimed that a pole would rot only at or near 
the surface of the ground and not near the bottom of the pole 
where the air was excluded. On this assumption it has been 
claimed that it was unnecessary to cover the entire butt of the 
pole with concrete but that a section for perhaps eighteen inches 
ot two feet below the ground level was all the protection needed. 
My experience has been: that in some localities or some kinds 
of soil a pole will rot near the surface of the ground and not at 
the bottom of the pole, while in others the rotting will start at 
the butt end and work up. $c 25 

There seems also to be a question as to when it is best-to 
put: on this concrete shell. One advocate recommends con- 
creting when the pole is set regardless of whether it is thoroughly 
seasoned or not. Another recommends that the pole be allowed 
to stand a few years until it has become thoroughly seasoned, 
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or even until a portion of the sap wood has rotted, before 
concreting. 

In California we have a great deal of trouble getting seasoned 
poles. Most of the poles used come from Oregon, Washington 
and Idaho and when received are either filled with sap or are 
water-logged to such an extent that it is inadvisable to attempt 
to treat them with any preservative. 

I would like to ask the author of the paper whether or not he 
has ever had any experience along these lines and, if so, what 
the result has been. 

S. J. Lisberger: I ask Mr. Griswold if the telephone com- 
panies have used any poles coated with creosote, and if a par- 
ticular class of soil has any effect upon a creosoted pole. I 
also ask if any copper clad wire has been used and what the 
condition of this wire is in comparison with the ordinary copper 
or iron wires used in that territory? 

D. P. Fullerton: There is one point possibly Mr. Griswold may 
overlook and that has a bearing on Mr. Downing’s questions, that 
I would like to mention. In his paper he refers to ‘‘ peat ”’ 
fires in the vicinity of Little river in the San Joaquin valley, 
California. We were troubled there with the poles being burned 
off below the ground line, and with no sign whatever above the 
ground line that there was any trouble, consequently, with a 
long and heavy line, we experienced quite a little trouble. I 
simply mention this to say that in making some experiments in 
replacing these poles, we enclosed them with a cement jacket, 
probably a half an inch in diameter, allowing the concrete cover- 
ing to extend six or eight inches above the ground line. After 
the poles had been in place about two years, upon investigation 
and inspection we found that while this treatment. had pre- 
vented the burning off of the poles by subsequent fires, and the 
concrete shell was intact, the rot increased at_a greater rate 
than on unprotected poles that had been placed in the same 
locality a great many years ago. 

A. H. Griswold: Answering Mr. Hall’s question, our experience 
has shown that it is not good practise to concrete the butts of 
untreated poles. We have not had any experience with treated 
poles, but on untreated poles set in this manner butt rot may 
take place very rapidly, and on one particular lead of poles in 
the San Joaquin Valley, as indicated by Mr. Fullerton, the life 
of the poles was decreased between 50 per cent and 75 per cent. 

The use of reinforcing concrete collars to which Mr. Downing 
refers is open to the same objection of butt rot as outlined 
avons and in addition may be mechanically weak and very 
costly. 

Replying to Mr. Hall’s question concerning the safety factor 
of one that is applied to each pole: the replacement inspection 
is made on each pole and the lead is not considered as a whole, 
but each pole is taken as a unit of that lead. 

A safety factor below one is sometimes allowed. This safety 
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factor takes into consideration the wind velocity and_ ice 
load wherever it may occur. In allowing the safety factor of a 
lead to fall below one you are simply taking a chance that the 
maximum wind or ice load will not occur before the final replace- 
ment of the pole. 

In the same connection Mr. Deakin asked whether the moisture 
content was taken into consideration in the replacement inspec- 
tion of the poles. I understand that it is indirectly taken into 
consideration in compiling the replacement tables. 

Answering Mr. Lisberger, there isn’t any doubt but that the 
class of soil affects the butt rot of poles. 


: ia Gealant so helenyarekn 
. fit it lo Legs 28 a 


bx» {4 Cie TOR OAT Anan SePay 


A paper presented at the Pacific Coast Meeting 
of the American Institute of Electrical Engineers, 
Portland, Ore., April 18, 1912. 


Copyright 1912. By A. I. E RB. 


2 


OPERATION OF TWO ALTERNATING-CURRENT 
STATIONS THROUGH PARALLEL CIRCUITS, AND 
THE DISTRIBUTION OF LOAD AND WATT- 
LESS CURRENTS BETWEEN THEM 


BY J. W. WELSH 


Two or more alternating-current generating stations may be 
operated in parallel through the medium of several transmission 
circuits to which the load is independently connected at inter- 
mediate points. This method of operation possesses advantages 
from the power-house standpoint as it offers a choice of the units 
at two stations in carrying the load and therefore provides 
greater reliability of service and a more flexible and economical 
distribution of the load. 

Some of the difficulties which may be encountered in a situa- 
tion of this description relate to the effect produced by the 
individual characteristics of the transmission circuits on the 
distribution of load and circulating currents between stations. 

It is the purpose of this paper to show, first, how two alter- 
nating-current generators, when running on the same bus, 
divide the load between them and what proportion of the watt- 
less current each carries; and then to extend this to the case of 
two alternating-current stations operating in parallel through 
the medium of a long transmission line; and finally to consider 
the case of two stations running in parallel through a number of 
transmission lines to which the load is independently connected. 

When two alternating-current generators are running on the 
same bus, it is ordinarily stated that the proportion of load 
carried by each machine is determined by the adjustment of the 
governor. To make a machine take more load, the governor 
is adjusted to speed it up. It is also usually stated that the 
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relative amount of wattless current carried by each machine is 
determined by adjustment of the field rheostats. Raising the 
induced electromotive force of one machine increases the watt- 
less current supplied by that machine and thus lowers its power 
factor. These rules apply ordinarily, because the circuit com- 
posed of the armatures, leads and busbars for two alternating- 
current generators is invariably one in which the inductive 
reactance is many times the resistance. The results are very 
different, however, if the characteristics of this circuit are the 
reverse of those stated, as may occur when long transmission 
lines, or cable systems, constitute part of the intermediate circuit 
between units operated in parallel. It is entirely possible for 
this circuit to have a resistance equal to the inductive reactance 
or even greater. The possible case in which the capacity react- 
ance of the circuit is great enough to exceed the inductive re- 
actance need not be here considered, since such a circuit would 
not permit of parallel operation, the fundamental condition of 
which is that there must be some inductance in circuit. 

The simplest explanation of the transfer of both load and 
wattless current from one unit to another is to assume the exist- 
ence of a cross current flowing only in the circuit between units 
and including the machine windings. Assuming all other 
conditions the same, each unit generates a current equal in all 
respects to the other. This cross current combines with the 
current of each machine, giving a resultant current which is 
registered on the machine meters. The important fact in con- 
nection with this cross current is that under certain circumstances 
it transfers a wattless current from one unit to the other; and 
under certain other circumstances it transfers load from .one 
unit to the other. 

While this matter can best be understood by a reference to 
vector diagrams, as shown in Figs. 1 to 5, it may be explained 
somewhat as follows: 

When two alternating-current units are operating in parallel, 
their induced electromotive forces are opposing each other, and 
if they are equal in magnitude and in exact opposition, the out- 
put of the two units must be equal both in the energy and the 
wattless components of the current. These electromotive forces, 
however, since they are the induced electromotive forces, may 
be unequal without in any way disturbing the busbar voltage, 
assuming the two units are operating on the same bus. One 
electromotive force may be greater in magnitude as a result of the 
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relative field adjustment of the two units, and one electro- 
motive force may have an angular advance ahead of its true 
position of opposition to the other, when, as a result of governor 
adjustment, one machine tries to speed up. In either case, a 
resultant electromotive force occurs, equal to the geometric 
difference between the two machine electromotive forces, the 
effect of which is to set up a cross current in the circuit composed 
of the two armatures, cables, and busbars. In the first case, 
when one electromotive force is greater in magnitude than the 
other, the resultant electromotive force is in phase with the 
greater of the two electromotive forces. In the other case, 
where one electromotive force leads its position of opposition, 
the resultant electromotive force is half way between the machine 
electromotive forces and approximately at right angles to them. 

The resultant electromotive force, whatever its phase position, 
sets up a cross current which in turn will lag to a greater or less 
amount behind the resultant electromotive force, depending 
on the characteristics of the circuit. If the circuit consists 
principally of inductive reactance, as in the case of generators 
operating on the same bus, the cross current will lag behind the 
resultant electromotive force by approximately 90 deg. If the 
circuit consists largely of resistance, the cross current will be 
more nearly in phase with the resultant electromotive force. 
The magnitude of the cross current depends on the magnitude 
of the resultant voltage and is inversely proportional to the 
resistance and reactance of the circuit. 

From the above considerations, it appears that the question 
of whether load or wattless current is transferred from one 
machine to another is dependent on the phase relation of the 
cross current to the equal machine currents. Assuming 100 
per cent power factor for these machine currents, if the cross 
current is brought into phase with the current of one machine 
and therefore approximately into opposition with the current 
of the other machine, it is added to the current of the first 
machine and substracted from the second, so that there is a 
transfer of load between the machines. If the cross current lies 
halfway between the current of the two machines, it neither 
adds to nor subtracts from the load of either machine, but it 
combines with the current of one machine, increasing its lag 
and wattless current, and at the same time combines with the 
current of the other machine, decreasing its lag and wattless 


current. 
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These conclusions may be summarized more exactly as follows: 
With the cross circuit made up of both resistance and reactance, 
field adjustment causes a transfer of load proportional to the 
resistance component of the cross current and governor adjust- 
ment causes a transfer of load proportional to the reactance 
component. Wattless current is transferred by field adjustment 
in proportion to the reactance component of the cross current; 
and by governor adjustment in proportion to the resistance 
component. 

A summary of the results for all cases is given herewith, with 
a reference to the vector diagrams. These vectors show relative 
values only, and do not represent the absolute magnitude or 
phase of any quantities. It should be noted here that the term 
‘“‘ governor adjustment ”’ is used in the sense of phase displace- 
ment of the machine voltages. Considering all conditions equal, 
the effect of governor adjustment is to change the phase angle. 
Such change in the setting of the governor as may be necessary 
to supply the driving power for the load on a machine, but which 
does not involve a displacement in the machine voltages, is 
not taken into account, since this action is considered as second- 
ary. Similarly the expression “field adjustment ’’ is used to 
denote changing the relative magnitude of the induced voltage 
of the machines. Any field adjustment that is necessary to 
maintain the same relative voltage when a change of load occurs 
due to the change in demagnetizing action of the armature on 
the field, is not taken into account, since this action is also 
regarded as secondary. 

Case 1—Two machines carrying pd load on same bus. Machine 
circuit, principally inductive reactance. Power factor of 
load, approximately 100. 

Fig. 1 shows the effect of field adjustment. Raising the 
induced electromotive force £; of one machine gives a resultant 
voltage Ey in phase with £, and sets up a cross current Io lagging 
about ninety degrees from Eo. The current J) combines with 
the equal load currents J from each machine, giving the actual 
current J; from one machine and J; from the other machine. 
This is a transfer of wattless current principally. 

The busbar voltage is not shown, to avoid confusing the 
diagram. It can be found by deducting geometrically the im- 
pedance drop from the induced electromotive force of either 
machine. 

Fig. 2 shows the effect of governor adjustment. Speeding 
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up.one machine advances the induced electromotive force of 
that machine, giving a resultant voltage Ey half way between 
the induced electromotive forces of the two machines. The 
cross current J) lagging approximately ninety degrees behind 
Eo is approximately in phase with the load current I of one 
machine and in opposition to the load current of the other 
machine. This results in a transfer of load from one machine 
to the other, as shown by the actual currents J; and I». 

In either of the cases, the actual amount of load or wattless 


Pare, es 
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Machine circuit is principally GOVERNOR ADJUSTMENT ONLY 


made up of inductance. Power factor 
of load approximately 100. Shows 
effect of raising voltage & by field 
adjustment 


current transferred is the same, regardless of the power factor 

of the load. 

Case 2—Two alternating-current stations connected to a_ long 
transmission line and carrying equal load. Curcuit between 
stations, principally resistance. Power factor of load, approx- 
imately 100. 

Fig. 3 shows the effect of field adjustment. Raising the 
station voltage £, gives the resultant voltage Ho in phase with 
&, and sets up the cross current J) between stations and approxi- 
mately in phase with Ey. IJ») combines with the equal load 
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currents J, thereby transferring load as shown by actual currents 
I, and I». This illustrates how load may be transferred from 
one station to another by field adjustment, there being no phase 
displacement of the station voltages. 

Fig. 4 shows the effect of governor adjustment. Speeding 
up one machine gives the resultant voltage Ey halfway between 
FE; and E, and sets up the cross current J) approximately in 
phase with Ey and ninety degrees in phase from the load currents 
I of the two stations. The principal effect of this cross current 
is to transfer wattless current from one station to the other, 


leaaes 

Fic. 3—Two A-C. Stations Con- Fic. 4—SAME As Fic. 3, Except 
NECTED TO A LONG TRANSMISSION VOLTAGE E Its ADVANCED BY 
LINE GOVERNOR ADJUSTMENT ONLY 


Circuit between stations princi- 
pally resistance. Power factor of load 
approximately 100. Shows effect of 
raising voltage E by field adjustment 


thereby reducing the lag angle of the load at one station and 
increasing it at the other. There must also be a certain transfer 
of load between stations which will be proportional to the re- 
active component of the cross current, and must be just sufficient 
to equal the change in power supplied by the change'in governor 
adjustment. This determines the amount of inductive reactance 
necessary for parallel operation. : 

The same changes which are secured between the induced 
electromotive force and the busbar voltage by either field or 
governor adjustment, as shown above, are also produced by the 
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impedance drop in voltage from the busbar to the point of load 
connection between two stations connected by a transmission 
line. Assuming for simplicity one hundred per cent power 
factor, the resistance drop, since it is in phase with both the 
current and the busbar voltage, corresponds to a reduction in 
voltage by field adjustment. Similarly, the inductive drop, 
due to the reactance of the line, lags ninety degrees behind the 
busbar voltage and therefore corresponds to a slowing down 
in speed by governor adjustment. 

The part played by the resistance and inductance of the line 
on the voltage is therefore a twofold one, the former reducing 
it in magnitude and the latter causing a shifting of its position 
in the direction of lag, similar to the effect produced by a slowing 
down in speed. These two factors determine the proportion 
of load pulled from each of two stations when the load is con- 
nected at some intermediate point on the line between them. 
If the line has uniform characteristics between stations, and the 
busbar voltages at the two stations are equal in magnitude and 
phase, the load will be divided between the two stations inversely 
as the distances between the point of load connection and each 
station. This follows from the fact that the drop in voltage 
must be the same from the equal busbar voltages at each station 
to the load, whatever the relative location of the load on the line 
may be. Moreover, since the impedance drop is the product of the 
line impedance and the current, the less the impedance (due to 
shorter distance) the greater the current. This can be seen by 
referring to Fig. 6, where the line drops from each station 
are represented respectively by J; Z1 and Ip Z2; the vectors 
I, Ry and I, Ry represent the resistance drops and the vectors 
I, X, and I, X_ the drops due to inductive reactance. 

By subtracting, vectorially, the drops J; Z; and I» Z2 respec- 
tively from EF, and EF, the voltage F,: is found, and it must be 
equal to Ey». since these represent the one voltage at the point 
of load connection. The load currents J; and J, are shown as 
equal, but they may or may not be equal in either phase or 
magnitude, depending upon whether R; and X, are respectively 
equal to Re and X2. 

From the above, it may be concluded that by a proper pro- 
portioning of the voltage of each unit, either by field or governor 
adjustment,.it is possible to secure any desired sharing of the 
load and of the wattless current between units, whether running 
on the same bus or at opposite ends of one transmission line. 
It should be noted, however, that there are usually limitations 
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to any great change in voltage either by field or governor adjust- 
ment, due not only to the necessity of keeping within the rating 
and capacity of the machines, but also to the requirements of a 
lighting load, where a fixed voltage is necessary. 

A new condition arises when more than one circuit is connected 
between stations operating in parallel. So long as the busbar 
voltages at the two stations are equal in all respects, there is 
no unbalanced voltage acting on the system and the situation 
does not differ from that of one connecting circuit between sta- 


Fic. 5—Two PARALLEL Circuits Fic. 6—SHows EFFECT OF RE- 


Fep at Eacu Enp By A-C. ‘GEN- SISTANCE AND REACTANCE OF 
ERATING STATIONS LINE ON STATION VOLTAGE 
RECEIVED AT LOAD CONNEC- 


One circuit consists principally of 
resistance, and one of reactance. 
Power factor of load different on 
each circuit. Shows how it is, im- 
possible to limit all wattless current 


TION 


tions. When, however, by field or/ governor adjustment one 
station is made to carry more load than the other, there is a 
resultant unbalanced voltage acting on all of the connecting 
circuits between stations and setting up cross currents therein. 
If all of these circuits have the same characteristics, as regards 
resistance and inductance, and if the power factor of the load 
on each circuit is the same, the cross current in each circuit will 
bear the same relation to the load current of each circuit, so that, 
just as in the case of a single connecting circuit, suitable adjust- 
ments of relative station voltages may be made to bring the 
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cross current of each circuit into the desired relation to the load 
current of that circuit. 

If, however, either of the above circuits have different char- 
acteristics as regards resistance and reactance, or if the power 
factor of the load on each circuit is different, then the cross 
current will be different for each circuit. It may be made to 
coincide with the load current of one circuit, but obviously 
cannot simultaneously be made to coincide in all circuits. The 
result is that an additional wattless circulating current is imposed 
on certain connecting circuits of the system. This wattless 
current will lower the power factor at one station and raise it at 
the other, but its effect in either case is in addition to the wattless 
current due to the power factor of the load which is carried at 
each station. This is shown in Fig. 5, where the resultant 
electromotive force Ey sets up the cross current Jj. on one 
circuit, carrying the currents J; and Je, respectively, from each 
station; and it also sets up the cross current J34 in the circuit 
having the currents 7; and J, respectively. It is evident that 
by voltage adjustment Ey can be shifted to bring J12 to coincide 
with J, and Ix, but this will simultaneously cause [34 to shift 
further out of phase from J; and J,. The cross current [34 there- 
fore introduces an additional wattless component of the current 
into the system. It will be seen that any shifting which will 
bring the cross current of one circuit into coincidence with the 
load currents of that circuit will shift the cross current of the 
other circuit further out of phase. 
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DISCUSSION ON ‘‘ OPERATION OF Two ALTERNATING-CURRENT 
STATIONS THROUGH PARALLEL CIRCUITS AND THE DIs- 
TRIBUTION OF LOAD AND WATTLESS CURRENTS BETWEEN 
Toem’’? (WetsH), PorTLAND, ORE., APRIL 18, 1912. 


Waldo V. Lyon (by letter): I gather from this paper on 
parallel operation that Mr. Welsh uses the simple method of 
analysis which assumes that each alternator has a constant 
synchronous reactance. The results obtained by this method, 
while useful, are often at considerable variance with those met 
with in practise. 

At the beginning of the seventh paragraph Mr. Welsh says: 
‘“‘ When two alternating-current units are operating in parallel, 
their induced electromotive forces are opposing each other, and 
if they are equal in magnitude and in exact opposition, the out - 
put of the two units must be equal both in the energy and the 
wattless components of the current.’ This statement is true 
only when the two alternators have equal armature resistances 
and equal synchronous reactances. It is here understood that 
the alternators are connected in parallel by lines of no resistance 
or reactance, although by the proper interpretation of armature 
resistance and reactance the statement will apply to the case 
in which two alternators are connected in parallel through 
transmission lines. The terminal voltage of the alternators 
would in this latter case be measured at the point of parallel 
connection. 

The writer discussed this question of two equal alternators in 
parallel at considerable length in the Electrical World for Decem- 
ber 28, 1907. In this discussion and in what follows the writer 
assumes that the alternators have equal resistances and equal 
synchronous reactances. He understands that this hypothesis 
is not correct and in extreme cases may lead to erroneous 
conclusions. But it is a method in general use for determining 
the approximate conditions that exist and is, he believes, the 
method Mr. Welsh uses. The division of the load between two 
alternators depends primarily upon the speed-load characteristics 
of the prime movers. If these characteristics are flat the division 
of the load is in an unstable condition, but with characteristics 
which droop sufficiently the load carried by each prime mover is 
fixed by the total load required. Thus if the change in the 
armature losses produced by field variation can be neglected, 
the division of the load will not be affected by varying the 
excitations of the alternators, provided, of course, the terminal 
voltage is kept constant so that the total load will be unaltered. 

If this is true any interchange current that is produced by 
field variation is in quadrature with the terminal voltage of the 
alternators, and the generated voltages are changed both in 
magnitude and in their relative phase displacement. Thus Mr. 
Welsh has no justification in showing them in phase as in Figs. 
1 and 3, and the conclusions he draws from this construction 
are not correct. 
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If the resistance in each alternator circuit is comparatively 
large so that the variation in the copper losses should not be 
neglected, a solution can be obtained if it be assumed that the 
speed-load characteristics of the prime-movers are identical and 
that the rotational losses are constant. In this case the powers 
supplied to the alternators are equal, and any difference in the 
outputs can only be accounted for by a corresponding difference 
in the copper losses. This gives the relation 
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in which I’) and J)” are respectively the energy and wattless 
components of the interchange current with respect to the 
terminal voltage V, and I” and I’ are respectively the wattless 
and energy components of the current supplied to the load with 
respect to the terminal voltage V. 7 is the armature resistance 
of one generator. The minus sign has this significance: if the 
load is inductive the power supplied by the alternator will 
increase as the excitation is diminished. 

This relation shows that with a load of unit power factor, such 
as Mr. Welsh assumes, the interchange current is wattless with 
respect to the terminal voltages and the generators still con- 
tinue to deliver equal powers in spite of differences in field 
excitation. This conclusion has been verified in the electrical 
engineering laboratory of the Massachusetts Institute of Tech- 
nology for the case of two 15-kw. generators. It is only when the 
power factor of the load is other than unity that changing the 
excitations can cause a shifting of the load from one alternator 
to the other. As an example of the amount by which the load 
may be shifted by change in excitation take the following cast: 

With full load current let the Jr drop in one alternator and line 
to the point of parallel connection be 15 per cent of the terminal 
voltage. Assume that the load is inductive and requires twice 
the full load current of one alternator at 0.707 power factor, 
and that the interchange current produced by change in excita- 
tion is equal to the full load current. 
Then 

I’ 0.707 < (2 X 0-15) 


eae A OC (2 x 0-15) 


Thus the alternator with the smaller excitation will take 
58 per cent of the total load and one with higher excitation will 
take 42 per cent of the total load. 

The power transferred from one alternator to the other by 
governor adjustment which causes an angular displacement of 
6 in the internal voltages E is 


tae gare = ) tan & 


= 0.17 
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in which V is the constant terminal voltage of the alternators, 
x; and z, are the synchronous reactance and impedance of one 
alternator, and X and Z are the equivalent reactance and 
impedance of the load supplied. In this case it is necessary 
to increase the internal voltages equally in order to maintain 
a constant terminal voltage. 

The interchange current produced by this relative phase 
displacement is 


The internal voltage E varies with the power factor since = ma 
is the regulation of the generator. 

This shows that for a given angular displacement of the 
internal voltage both the interchange current and the power 
transferred depend upon the power factor of the load, and the 
writer does not understand why Mr. Welsh makes a contrary 
statement. 

This same equation for power transferred gives the synchron- 
izing power when the displacement. 6 is produced by hunting, 
except that in this case the internal voltages are constant, and 


tan = - should be replaced by sin = The equation now 


emphasizes the well-known fact that alternators operate better 
in parallel on an inductive load, since for a given angular dis- 
placement the power transferred from one to the other is greater. 

The effect of increasing the ratio of resistance to reactance, as 
would occur when the alternators are paralleled through equal 
transmission lines, can also be determined from this equation 
and is, I believe, not in accord with the explanation given by 
Mr. Welsh of the effect of the resistance and reactance drops 
in the connecting transmission lines. 

The case of two dissimilar alternators, which is practically 
the same as that of two equal alternators connected in parallel 
by lines with unequal constants, is not quite so simple from the 
analytical standpoint, but the general qualitative results are 
much the same. 

H. Y. Hall: I certainly do not agree with some of the con- 
clusions reached in this paper. I agree somewhat with the 
criticisms that have been made in the discussion of Mr. Lyon. It 
is not possible in alternating-current systems by mere adjustment 
of voltage to shift the load from one machine to another, although 
it is possible in a direct-current system. In the alternating system 
the division of loads depends entirely on the characteristics of the 
governors, and a relative setting of the governors and the ma- 
chines, and not upon a field adjustment. It would be possible to 
pull the field off the alternating-current generator and still 
carry the load, but if you pull the field off a direct-current ma- 
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chine, the current would increase. Otherwise the current would 
lag. It depends primarily on the setting of the field rheostat 
and the division of the load. That is borne out by practise. I 
have operated some of the largest stations in the country, and that 
is not only so in respect to the division of load between machines 
in one station, but is also true in respect to the division of load 
between two different stations running in parallel. I have in 
mind the 74th Street station of the Manhattan Railway and the 
59th Street plant of the Interborough Rapid Transit Company. 

_ Gano Dunn: Mr. Hall has contributed a very valuable 
item. I would suggest that where the question of stations is in- 
volved, and where there may be some considerable resistance 
between the stations, then there begins to come in the effect of load 
distribution due to change of excitation, other things being the 
same, but he has done us a valuable favor in pointing out that 
the real control of load distribution is not in the governor but 
in the rheostat. 

P. M. Downing: I am inclined to take the same view of 
this matter as that of the last speaker. There is no question but 
that the division of load not only between generators of the same 
station, but also between different stations feeding into a net- 
work, must of necessity be taken care of by governor adjustment 
and not by field adjustment. With any fixed position of the 
governor, a certain amount of energy is delivered to the generator. 
This cannot be changed without changing the governor. 

By adjusting the field you can change the form of the energy 
delivered by the generator, but you-cannot change the amount. 
What really occurs when you change the field adjustment of any 
piece of synchronous apparatus operating in parallel with another 
is that you change the power factor on that machine; in fact the 
division of load and wattless current between stations feeding 
into any network are handled entirely independently of each 
other. On a network supplying power over a large territory, 
the power factor will be low and there will be considerable watt- 
less current to be taken care of. 

In the central part of California it has been the practise for 
several years past to operate a number of generating stations in 
parallel to feed a common network. At present there are 15 or 
20 of these, the greater part of them being hydroelectric, with 
two or three steam turbine installations. 

The total mileage of lines supplied is, approximately, 1500, 
exclusive of the low-voltage distributing circuits in cities and 
towns. : 

The steam turbines are located in the larger cities and while 
they run in on the general network with the hydroelectric plants, 
they ordinarily carry but little load. They are, however, often 
called upon to carry a full load of wattless current, and 
thereby serve as voltage regulators, and are always able to pick 
up the load in case of transmission line troubles. 

A fewfyears ago when the Pacific Gas and Electric Company 
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constructed its first transmission line, there was but little demand 
for electric power, and the load was small. Considerable trouble 
was had with voltage regulation at the receiving end on account 
of the charging current of the line boosting the voltage. 

This trouble was so pronounced that it became necessary to 
put in reactance coils to neutralize this leading current. With 
the increased power load and the resulting low power factor, it 
was found that not only was the leading current due to the capac- 
ity neutralized, but there was a heavy lagging current. 

Today we have installed synchronous condensers where once 
stood the reactance coils. These machines are installed solely 
for regulating purposes. They are arranged to be operated 
automatically and are doing it so well that the voltage regula- 
tion has been greatly improved. 

W. A. Hillebrand: With regard to this question of distribu- 
tion of the load by means of field adjustments, Mr. Lyon has 
pointed out a case in the laboratory using two 15-kw. machines. 
He was able to make a difference in the adjustment of the load 
simply by field adjustments. It seems to me there is a marked dif- 
ference where there are two machines in operation of perhaps equal 
capacity, constituting the only generators in the system, and 
which are operated at the opposite ends of the transmission lines. 
That case is quite different from the case where you have a large 
central station, or a large group of stations, and you attempt to 
swing the system simply by changing the field adjustment. It 
seems to me that it is possible to produce a certain adjustment 
of load where you have two machines of approximately the same 
capacity. 

Lester McKenney (by letter): The paper by Mr. Welsh 
would have been of more practical importance had the subject of 
governor adjustment received the consideration which it deserves 
in a paper of this sort. With transmission lines and station 
circuits as usually constructed the question of satisfactory 
parallel operation resolves itself into one of governor adjust- 
ment, assuming that the units have been properly designed. 

In order to insure proper division of the load between the gener- 
ators operating in parallel on a system, the governors of the prime 
movers are adjusted for a definite drop in speed from no load to 
full load. Two per cent may be taken as a fair value. With 
this adjustment of the governors, neglecting the J?R losses in the 
line, the division of any additional load thrown on the system is 
independent of the line or circuit constants. It will be evident 
that there must be a certain speed and governor position for any 
specified load. If the circuit between two generators consisted 
principally of resistance, and we should attempt to transfer load 
from No. 1 to No. 2 by rheostat adjustment, we would find that 
No. 2, in order to take more load, would have to slow down in 
order that the opening of the valves or gates of the prime mover 
might be increased andt he additional power required supplied. 
No. 1, upon dropping part of its load, would have to speed up to 


1912] DISCUSSION AT PORTLAND, ORE. 463 


reduce the valve or gate opening in order to reduce the power 
supplied to the amount required by the remaining load. Such 
slowing down of one unit and speeding up of the other would be 
impossible if the resistance of the connecting circuit was such 
that parallel operation would be possible. The transfer of load 
from one generator to another by rheostat adjustment, when the 
governors are adjusted for satisfactory parallel operation, is, 
therefore, impossible. 

With the governors adjusted for constant speed from no load to 
full load, and with the connecting circuits consisting principally of 
resistance, the transfer of load from one generator to another by 
theostat adjustment is possible, and I assume that this is the gov- 
ernor adjustment which the author hasinmind. The division of 
the load between the generators may also be materially affected 
by the line resistance and reactance. The transfer of load by rheo- 
stat adjustment, and the effect of the line resistance and re- 
actance upon the division of the load would, under these condi- 
tions, be lost sight of in the erratic fluctuation of load caused by 
the lack of any tendency to load division on the part of the prime 
movers. Due to this erratic fluctuation of load the parallel 
operation of generators with governors so adjusted is unsatis- 
factory. 

With the governors adjusted for a rise in speed from no load 
to full load parallel operation would be impracticable. 

If the governor of one of two or more generators opera- 
ting in parallel is adjusted to increase the gate opening, the gen- 
erator must necessarily take more load, independent of the circuit 
conditions, otherwise the generator would speed up and pull out 
of synchronism. In making this adjustment, the speed of the 
entire system is slightly increased. 

Referring again to the connecting circuit consisting principally 
of resistance and considering the case where the governors are 
adjusted for a drop in speed from no load to full load, it is evi- 
dent, from a study of the polar diagram, that when it is at- 
tempted to transfer load by rheostat adjustment, the generators 
automatically adjust the phase displacement of their electro- 
motive forces, the electromotive force of the generator tending 
to drop its load advancing in phase; so that a resultant elec- 
tromotive force is produced which will cause the current in the 
local circuit to be displaced 90 deg. from the induced electro- 
motive forces. Should the resistance so far exceed the reactance 
that the 90 deg. displacement could not be obtained, the gener- 
ators would drop out of synchronism. 

The paper by Mr. Welsh does not, therefore, disclose any new 
methods of adjusting the wattless current and load on generators, 
working under practical operating conditions. 

J. W. Welsh: The subject matter of this paper was suggested 
by the experience of the writer in the load dispatching system of 
the Pittsburgh Railways Company. We had there two plants 
operating in parallel, one of about 4000 kw, and the other of about 
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21,000 kw. capacity. It is the duty of the load dispatcher to 
- distribute the load between these two plants and order on and off 


machines at substations which are fed from these plants accord- — 


ing to the variations of the load. He also directs the setting of 
the busbar voltage at each plant. The busbar voltage is con- 
trolled by an automatic regulator and of course the speed is con- 
trolled by governors. It was noticed in the operation of this 
system when the busbar voltage was raised at one plant, that it 
was possible to shift the load between the two stations. These 
plants are connected through three cable lines, that is, they 
operate in parallel over three separate circuits to which the load 
is independently connected. I had always been of the opinion 
that it was impossible to produce any definite transfer of the 
load without going to the governors and making a change in the 
setting of them. We found, however, that a transfer of load 
occurred when the busbar voltage was changed by field ad- 
justment. 

I believe the criticism of the fact that it is possible to cause a 
transfer of load by field adjustment is due to a misconception of 
the point of view of the writer in this paper, and that is this: 
It is of course obviously impossible to make a machine at one 
station carry more load without giving it the necessary driving 
power for the increase in load. In other words, it is necessary 
that there should be a change in governor setting to carry any 
increase in load that may come to that station from any other 
cause. That is explained in the paper. The engine or turbine 
governors at each station, being automatically controlled, at 
once admit the necessary steam at the station receiving more 
load, and decrease the steam admitted at the station from which 
the load is taken. The assumption is made that the phase angle 
doesn’t change and that the necessary steam is admitted by such 
change in governor setting as is required to prevent any change in 
phase angle of the electromotive forces. If you hold the phase 
angles constant then a change in field adjustment as shown by the 
diagrams will bring about a transfer of the load. Of course that is 
a situation that does not occur very often and only occurs toa 
limited extent. In other words the change in load by field ad- 
justment is in proportion to the resistance component of the cross 
current; and that is usually a minor component, particularly on a 
transmission line where the inductive reactance is high. On a 
cable system, however, the resistance is usually higher than the 
reactance. In our case, the paralleling circuit is a cable between 
stations. 

R. Howes: [ would like to ask Mr. Welsh regarding the load- 
speed curve of the governors which he used. Were the governors 
designed for a flat speed at all loads, or how much reduction in 
speed was there from no load to full load? 

J. W. Welsh: I am not able to say definitely. I imagine 
about 4 per cent, but I may say these diagrams are merely made 
to represent pictorially what happens; in every case, it is pos- 
sible of course for the attendant to change his governor setting 
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as the load changes, but that was unnecessary in the case I spoke 
of where the change is secured in the load by field adjustment. 
I am not sure that 4 per cent is the actual amount. 

F. K. Brainard (communicated after adjournment): Mr. 
Welsh concludes, among other things, that a change in relative 
field strength of two alternators in parallel may change the dis- 
tribution of load between them. If he refers to the case in which 
the machines are constrained to operate in synchronism through 
some other condition than merely paralleling them electrically, 
e.g., if the rotors are mounted upon the same shaft or if they are 
driven by synchronous motors which take current from the same 
source, then the following criticism does not apply. Also, he 
may have in mind the slight change in efficiency due to a change 
in power factor. This will usually be too small to observe, 
however, and probably he does not refer to this. But with these 
possible exceptions, the writer cannot agree with him in the con- 
clusions which he deduces. 

For every prime mover with its governor, there is a certain 
definite relationship between speed and power delivered, and for 
machines which are to operate alternators in parallel, the govern- 
ors must be adjusted so that the speed will decrease as the load 
increases (unless the governors are interlocked). Hence, if the 
load increases on one unit, it must increase on all others in parallel 
with it. In other words the problem is entirely a mechanical 
one if the machines stay in synchronism, and the electrical con- 
ditions have nothing to do with the distribution of load between 
them. However, the question as to whether parallel operation 
will be satisfactory or not, is largely an electrical one, and as Mr. 
Welsh states, a certain amount of inductance is necessary, 
although on the other hand too much inductance may cause the 
machines to fall out of step because of insufficient synchronizing 
power. 

The following is an attempt to determine in a general way the 
design of transmission lines over which parallel operation is con- 
templated. 

Consider the case of two alternating-current plants, each serv- 
ing its own load through separate feeders but connected in paral- 
lel by means of a tie line. The problem is to determine the 
relationship between the resistance and reactance necessary to 
give the best results. If the amount of power transmitted is 
small compared with the maximum capacity of the line, it can 
be easily shown that the value of reactance x which gives the 
maximum ‘synchronizing power” (i.e., the maximum kilo- 
watts per degree displacement of station voltages) for a fixed 
resistance ry and for equal generator and receiver voltages, 
isx =r. (See Note 1.) Also, it can be shown that the value 
of reactance which gives the maximum capacity to the line 
(capacity for the transmission of power) under the same con- 
ditions is x = V3r. If the generator and receiver voltages are 
unequal but constant, the ratio of reactance to resistance which 
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will make the capacity of the line maximum with a fixed restst- 
ance depends upon the ratio of generator to receiver voltage, 
as shown by the curve Fig. 1 of this discussion. (See Note 2.) 
In this and also the previous discussion the drop due to static 
charging current is neglected. Generally it will be negligible 
since the charging current is supplied from both ends of the 
line, but this is not always true. Hence it would seem that 


the best value for x is usually between x = r and x = V3 r. 


RATIO OF REACTANCE TO RESISTANCE 


DISTANCE BETWEEN CENTERS OF CONDUCTORS !N INCHES 
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FIXED RESISTANCE AND FIXED AT 60 CYCLES 

GENERATOR AND RECEIVER VOLT- 

AGES 


Electrostatic capacity not taken into con- 
sideration, i.e., the effect of charging current 
is neglected. 


Of course the practical conditions will seldom be as simple 
as those assumed and the results would have to be modified 
accordingly. If automatic voltage regulators are not installed, 
the generator reactance should be considered as line reactance, 
and if regulators are installed which increase the voltage with the 
load a larger value of reactance should be used in the “ tie line ”’ 
than would otherwise be desirable. Similarly, a smaller amount 
would probably be desirable in circuits feeding shunt synchronous 


ee 


a 
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converters and a larger amount should be installed in the case 
of over-compounded converters. Also, if the tie line is a short 
one where heating rather than the point at which the stations 

drop out of step” limits the capacity, the reactance should 
preferably be much greater. Dr. Steinmetz has stated that it 
should be no less than two times the resistance, and apparently 
he refers to this case. The greater the reactance, the higher will 
be the power factor of the cross current, and so for this case a 
larger reactance can profitably be employed. 

If line inductance alone is to be relied upon to give the neces- 
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sary reactance, the wires should be spaced according to the 
curves* shown in Figs. 2,3 and 4. But in order to keep to practi- 
cable spacings, the sizes of conductors to be used are quite 
limited. Thus, for 60 cycles the range is from about No. 2 to 
No. 100, for 40 cycles from about No. 0 to No. 0000, and for 25 
cycles from about No. 000 to 350,000 cir. mil. 

Hence, it is seen why so little difficulty has been experienced 


* Curves in Figs. 2, 3 and 4 are for a three-phase line consisting of 
three conductors arranged at vertices of an equilateral triangle. Solid 
lines are for solid copper wire, dotted for stranded. 
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in paralleling 60-cycle systems of moderate power over long 
distances, and also why it has frequently been impossible to 
operate similar 25- cycle systems in parallel without the installa- 
tion of additional inductance. 

Notre 1. To find reactance which will give the maximum 
synchronizing power for small displacements: 


Let Eo = e = Receiver voltage. 
In) =i+ jt’ = Line current. 

— jx = Line impedance. 

= Generator e.m.f. 

= Phase displacement between generator and receiver 
voltages. 

Then (neglecting the charging current) 


E = Eo + lo (r — 7%) ‘ 
=etirt+teuxt+ije'r —ix) 
i'r —ix 
Pe ws etirti'x 
If H = E, and the phase displacement is small, the following 
is approximately true: 
1r = —i'x 
oY — 4% 
Pee e 
Hence 
poem € 


If W = et = power de- / 
livered, then W/@ is a meas- 
ure of the synchronizing 
power. 


To find the value of x which will make W/o maximum, r 
being constant, we put 


Ww 
(5) ar age ME Tle) A hrc 
ax (7, + x)? ae 


hence x= 7. 
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NoTE 2. To find the reactance which will make the capacity 
of the line maximum when the generator and receiver voltages 
are constant but unequal: 


Let e = Receiver voltage. 
€é) = Generator “ 
€0 
So ney: 
e 
1 = Energy component of current at receiving end. 
a’ = Wattiless “ “ “ “ “ “ 
o@ = Angle between generator and receiver voltages. 
ry = Resistance of line. 
x = Reactance of line. 


Then from Fig. 5, 
tr =e (a—cosd) cos¢d 


The capacity of the line will be maximum when 7 is maximum. 
Hence, to find the phase displacement corresponding to this 


condition, we put af = 0 
Hence 
: =< (2 cos @ sin @ — asin gd) = 0 


cos O = is the solution which 


ES) 


makes the function maximum. 


But, from the figure, @ = tan —! Bele 


hence 


A. S. McAllister (communicated after adjournment): With- 
out attempting to criticise in any way the accuracy of the 
diagrams shown by the author in so far as they represent condi- 
tions assumed by him, attention should be called to a highly 
important feature ignored by him, which nullifies his conclusions 
that by proper proportioning of the voltage of each unit by field 
adjustment it is possible to alter materially the sharing of load 
between generators operating in parallel. Quite independent of 
the electrical characteristics of circuits joining any two generators, 
the actual load supplied by each generator to the electrical 
system—including its own circuits—depends solely upon the 
power delivered to the generator by its prime mover. This 
relation is fundamental, in that it is based on the law of con- 
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servation of energy—the one law the accuracy of which engi- 
neers have as yet not been bold enough to question. When two 
generators are operated in parallel or are connected to a common 
system, the division of the load carried by these two generators 
depends upon absolutely nothing other than the adjustment of 
the governors controlling the power supplied by the prime 
movers; it is not affected in any respect by voltage adjustment 
or resistance of the interconnecting circuits. The only effect 
that can be attributed to the resistance of the circuit intercon- 
necting the two generators is that relating to the efficiency of 
the transmission. Of the total amount of power supplied by the 
two generators a part is dissipated in resistance of the intercon- 
necting circuits, and this part may be supplied in whole or in 
part by one or the other of the generators, according to existing 
conditions, such as the relative voltages of the units; but the sum 
total of the power supplied by each generator is determined 
solely by the amount of power delivered to it by its prime mover. 

In every case where a derived result is found to be contrary 
to the law of conservation of energy, it is safe to assume that 
at least one error has been introduced in the assumption or 
calculations. In the present case the author seems to have 
ignored the fact that the time-phase position between the vol- 
tages of the two generators in parallel and the currents in the 
system must at each adjustment be such as to allow each gen- 
erator to supply to the system an amount of power equal to the 
amount delivered to it by its prime mover. All other quantities 
must adjust themselves to correspond to this one fundamental 
requirement. 
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PLANT EFFICIENCY 
AN ANALYSIS OF THE LOSSES OF A HypROELECTRIC SYSTEM 


BY J. D. ROSS 


The following paper is an analysis of the losses and efficiencies 
of the Seattle Municipal Light and Power plant for the year 1911. 

Great care has been taken in these measurements and the 
results have been checked in as many ways as possible and instru- 
ments have been frequently calibrated. These figures are there- 
fore believed to be a close approximation to the true values. 


GENERAL DESCRIPTION OF PLANT 


The Seattle plant is a hydroelectric system delivering water 
to two 1,500-kw. Pelton units and two 5,000-kw. turbine units 
under 600-ft. (183 m.) head through two pipes approximately 
34 miles (5.6 km.) long, one of which is 672 in. (172 cm.) and the 
other 49in. (124 cm.) inside diameter. The current is transmitted 
at 60,000 volts through two lines to Seattle, a distance of 38.7 
miles (62.2 km.), and is there distributed at 15,000 and 2,400 
volts for use by approximately 20,000 customers and for the 
city street lighting. 

Pipe Lines and Penstocks. The 67#-inch (172-cm.) pipe 
consists of 15,865 ft. (4,835.6 m.) of wood stave pipe, dividing 
at a point 951 ft. (289.8 m.) from the power house into two 
48-in. (122 cm.) riveted steel penstocks. The 49-in. (124 cm.) 
wood pipe joins onto a 48-in. (122 cm.) riveted steel penstock 
at a point 1,008 ft. (307.2 m.) from the power house. 

Careful tests were made on the 67#-in. wood stave pipe, 
using gages calibrated before and after. The pipe contains five 
steel elbows, where the curvature is greater than 20 deg. These 
elbows are made to a 15-ft. (4.57 m.) radius and have angles 
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respectively 92,55, 60, 65, and45degrees. The loss in head of each 
elbow was measured by a differential pressure gage. The results 
of the test are given in detail in the following table: 


Loss or HEAD IN FEET IN VARIOUS ParRTs OF 67}-1IN. (172 cm.) Woop STAVE PIPE 


| 
| | Fric- | Loss | Value | Value 
Vel- Loss El- | EI- | El- | El- | El- |Totall tion jin 673”! of C in| of N in 
ocity in bow | bow | bow | bow | bow | loss loss stave Kut- | Kut- 
in ft. | entry |No. 1|No. 2|No. 3/No. 4|No. 5| in after pipe ters ters 
per and 92°) 55° 1 260°" 65" | 45° | pipe deduct-| per for- for- 
second] screens | . ling en- 1,000 | mula | mula 
| | ltry and) feet 
elbows | 
SR Fs ee Sa ee tS = 
| 24 | 0.06 |0.03 |0.03 0.03 0.03 0.01 | 4.1] 3.91 0.246 "134.06 0.01190 
ees 0.25 |0.09 |0.08 |0.08 0.08 |0.05 |15.4] 14.77 0.931 | 137.96 |0.01175 
74 0.54 (0.25 |0.18 |0.19 |0.20 0.14 | 33.9] 32.40 | 2.0425) 139.71 |0.01165 
10 1.14 0.46 |0.34 (0.36 [0.37 (0.27 | 61.9] 58.96 | 3.775 | 137.01 |0.011865 
| | | | 


Notre: 1ft. =0.3048 m. 
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This pipe has been in operation since November 20, 1908. 
The loss in entry as given in the above table seems large and 
rises with the velocity more rapidly than it should. This is 
apparently due to the resistance of the screens, which are of wood ' 
bars. These were being changed at the time the test was made 
as it was noticed at times of heavy load that there was a difference 
of level on the two sides of the screens. The entry of the pipe 
is bell-mouthed. The total length of the wood pipe is 15,865 ft. 
(4,835.6 m.) The line was designed for a slope of four feet per. 
thousand feet to give a velocity of ten feet (3.05 m.) per second. 


1912] ROSS: PLANT EFFICIENCY 473 


The loss in the penstocks was computed from records taken 
by recording gages at the generating station, which were 
frequently calibrated. The results so obtained were checked 
by computing the loss from the efficiency shown under test, and 
agreed very closely. The maximum output of the two penstocks 
was 12,400 kw., with a loss of 6 per cent, and the average output 
for the year was 6,009 kw., with an average loss of 2.3 per cent. 
This loss was increased by the fact that the plant was supplied 
for thirty-three days in November and December by the larger 
pipe alone. 

Generating Station. There are four units in the power house, 
two of which consist of 8,000 h.p. Francis turbines direct- 
connected to 60-cycle, 2,300-volt, three-phase generators rated 
at 4,000 kw. at 35 deg. cent. rise, with a four-hour overload 
capacity of 5,000 kw. at 40 deg. cent. rise. These units operate 
at 600 rev. per min. The other two units are driven by 2,400- 
h.p. Pelton impulse wheels direct-connected to 60-cycle, 2,300- 
volt, three-phase generators rated at 1,200 kw. at 35 deg. cent. 
rise, with a four-hour overload capacity of 1,500 kw. at 40 deg. 
cent. rise. These units operate at 400 rev. per min. The wheels 
are each equipped with two runners, each of which is supplied 
from a needle and a deflecting nozzle. The combined capacity 
of the present installation is therefore 13,000 kw. on a 40 deg. 
cent. rating. The two machines last mentioned, however, 
exceed their rating and have been operated continuously with- 
out excessive heating at 1,750 kw., making the combined capacity 
13,500 kw. Three waterwheel exciter units are installed, two of 
which have a capacity of 75 kw. each, and the third 150 kw. 

As the efficiency of each unit varies with the load, and it is 
obviously impossible to have all generators that are in use at 
any time carry their full load, the all-day efficiency of the gen- 
erating station will depend on the number of units in use and the 
load which each carries, as well as on the power factor of the 
load and, in the case of this plant, where two types of wheels 
are used, it will also depend on the proportion of the load that 
the operator gives to each tvpe of machine. In general, the 
greatest all-day efficiency can be had by keeping the machines 
as nearly as possible at the load of maximum efficiency, and by 
shutting down the machines without load as far as can conven- 
iently be done. 

While the combined maximum efficiency of generator and 
wheel was found in the case of the 5,000-kw. units to be 76.7 
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per cent, and in the case of the 1,500-kw. units to be 69.9 per 
cent, the all-day efficiency of the plant for 1911 was found to be 
56.7 per cent. This does not include current for excitation and 
station lighting. By including this as a loss, the all-day efficiency 
of the plant drops to 55.7 per jw 

cent. gol¢—| —_Lnetefe T“EERAT OR. 4 oe 
~ Thereason for the difference 
in the same type of unit is found 
in the fact that the operators 
favor No. 1 and No. 4 machines, 
from habit rather than inten- 
tion. The impulse wheels, being 
small, are operated under full 
load for a great part of the day * 
and their all-day efficiency is 
greater than that of the turbines, 1000 2000 3000 4000 5000 
notwithstanding the higher effi- Ce ee eee 

ciency of the turbine sets at full Ate 

load. It will be readily seen from these facts that the efficiency 
of a plant depends very largely on the way it is handled by the 
operator and during low water periods it is possible to prepare 
a schedule showing which machines should be used for each load 
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which the plant carries. This schedule will be modified by the 
conditions of the plant, changes in load, and regulation. 

Losses in the waterwheels and generators were computed 
from the half-hour wattmeter readings on the generators as 
recorded in the station report. The input for each output 
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throughout the year was computed from efficiencies shown in 
tests made in 1909 and checked at the end of 1911. The results 
show all-day efficiencies for the year as follows: 


EFFICIENCY 
Wheel Generator Combined 
fngrulseyUinitaN Owl; iisek woes + nase wince * 70.8 93.0 65.8 
eripirlsedUinit INO: 220.5 aes sis geicd ocie.s soit = | 66.3 92.2 (ula 
unbinesUnit NGS. ceeecs see eect cele = HY fe) | 93.0 53.1 
avanbinesU niteNO. 4 spcierirnc xiyseioen oars aa s | 63.6 94.1 59.8 
Howerdoits combined sa... aiecic6 sat ce se ates 60.7 93.5 56.7 


The higher efficiency of the impulse units is due to the fact 
that they were nearly always loaded above 900 kw. and the 
regulating was done with the relief valves and governors on the 
turbines, so that there was little loss from the deflecting nozzles. 

The power used in excitation was computed from the half- 
hour readings on the exciter outputs, and amounted to 399,120 
kw-hr. or 1.3 per cent. of the output of the generators. The 
water input to the exciter units, computed similarly to that of 
the large units, was 665,200 kw-hr. Station lighting, including 
light for the employees’ cottages, amounted to 175,000 kw-hr. 
for the year. . 

Step-Up Transformers. The station is equipped with nine 
transformers. Each bank of three has a normal capacity of 
. 4500 kw. at 35deg.cent.temper- 
ature rise. These ‘transformers °‘}* 
step the voltage from 2,300 to 
60,000 volts three-phase star- 
connected. The neutral of the 
star connection is grounded. The EFFICI 
manufacturers were requested 1500 KW. TRANSFORMERS 
to sacrifice efficiency for high 
insulation, if necessary, but the 
efficiency is found to be as high 
as is customary when using lower 
insulation. These transformers 
were all in circuit continuously to keep them in good condition, 
and their core losses were practically constant, amounting to 
926,000 kw-hr., or an average of 11.7 kw. per transformer. The 
copper loss was computed from the readings on the reports, and 
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amounted to 200,00 kw-hr. or an average of 2.54 kw. per trans- 


former. 
Kw-hr. Average kw. 


Core loss: Baa. cree ee ee eee 926,000 106 
Coppertloss: eet erie praca 200,000 23 
Total: lossi.j2 ce ee oe Oe a 2 OOOO 129 
Alladay efficienCy- sc v5 sseeiseme eines 96.1 per cent. 


High-Tension Lines. There are two high-tension lines 38.7 
miles (62.2 km.) in length strung on two different makes of 
insulators of practically the same size and type. One of the lines 
is of No. 2 solid medium hard-drawn copper, the wires being 
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placed in a six-foot (1.83 m.) triangle. The other is built of 
No. 0000 seven-strand hard-drawn copper, the wires being 
placed ina seven-foot (2.13 m.) triangle. 

The line loss was computed from the constants of the lines, 
taking the load data shown by the report sheets. The line 
resistances were measured by direct current, using the fall of 
potential method, and agreed very closely with the computed 
value. The inductance and capacity were calculated from the 
- values given in the ‘‘ Standard Handbook,” third edition. To 
simplify calculation for the all-day efficiency, a Perrine-Baum 
regulation diagram was drawn for both lines in parallel. To this 
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were added circles, taking as a center the end of the substation 
voltage vector, and as a radius the square of the voltage drop in 
the line, multiplied by the conductance of the line. The radii 
of these circles represent power loss. The power lost during 
1911 on the two lines, figured from this diagram, using the half- 
hour readings at the substation for load data, amounted to 
378,000 kw-hr. or an average of 43 kw. for the year. 


Kw-hr. Average kw. 
IER OSs eet yee tat, Anant 378,000 43 
muaday ficiency sa eis. ee 98.6 per cent. 


Step-Down Transformers. The step-down transformers are 
placed on the first floor of the substation. There are at present 
eight of these, each of 1,500 kw. capacity at 35 deg. cent. tem- 
perature rise. All are made with a ratio of 54,000 volts, three- 
phase, to 15,000 and 2,500 Scott-connected two-phase, making 
four banks of transformers. The low-tension coils are connected 
in series for 15,000 and in multiple for 2,500 volts, two banks 
being used on each voltage. 

The step-down transformer loss, computed in the same way 
as that of the step-up transformers, was as follows: 


COLON OSSet ae Perna es coerce 692,000 79 
Wopperblosshperer teria. Aces 217,500 25 
PROtaL LOSS atsmak. asue tae crak eee 909,500 104 
ms Gavee th Clen Crcieyees jock cusp tisucens 96.6 per cent. 


The sum of the losses in line and transformers was checked 
against the difference in the watt-hour meter readings on the 
low-tension side of the transformers at each end of the line, and 
was about five per cent lower. This may not have been due to 
error but may be largely due to corona loss or other line leakage. 
No measurements have as yet been made to determine this point. 

Main Substation. The main substation contains the step- 
down transformers, a distributing switchboard of the remote 
control type, and the necessary switching and control apparatus 
for the distributing feeders. The switchboard carries a com- 
plete set of curve-tracing meters for the high-tension lines, 
indicating ammeters and wattmeters and watt-hour meters for 
the transformers, and indicating ammeters, recording volt- 
meters and watt-hour meters for the feeders. Loss in meters 
and their instrument transformers was computed from tests 
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made on each type of meter and transformer. Current used for 
station light, heat and display lighting was metered. 


Kw-hr. Average kw. 


Loss:in. metersisey-22.0 oe eee 29,000 3 
Power for station light........... 317,400 37 

‘L Otal OSS =: Aictaves 4s iugitrese ses 346,400 40 
All-day ‘efficiency pea oe eee ee 98.7 per cent. 


Motor-Generator Set. A motor-generator set consisting of a 
750-h.p., two-phase synchronous motor direct-connected to two 
250-kw. 250-volt direct-current compound-wound generators is 
used on a three-wire 500- and 250-volt system for operating 
elevators and other motors. The maximum load on this machine 
at the present time on the direct-current side is 300 kw. and the 
average load for 1911 was 30.2 kw. The surplus kilovolt-ampere 
capacity of the motor is utilized in regulating the voltage of the 
main system by varying the power factor by means of an auto- 
matic regulator controlling the field of the motor. There are at 
present 71 services connected on this system with a connected load 
of 7723 h.p. The main feeder is 750,000-cir. mil cable with a 
400,000-cir. mil neutral, and the branches usually No. 4/0 with 
No. 2/0 neutral. In all, 27 miles (43.4 km.) of wire are used on 
this system. 

The total loss in the direct-current feeders and the motor- 
generator was obtained from the difference in the motor watt- 
hour meters and the customers’ meters. From recording volt- 
meter charts taken at various distributing points and at the 
substation and from computations, using the load data and line 
resistance, the line loss is placed at 5 per cent. The details of 
losses and efficiencies follow: 


Efficiency, Loss, Average 

1911 kw-hr. loss, kw. 
Motor-genetatone Suc aadiobalatowentiecck this 38.5 417,000 48 
Direct-ctirrent Muesvasaeniss ast sient altts 95.0 | 12,800 1 
Customers’ moteraiste. 6 00s sw weidsia eaten 98.8 | 3,000 re. 
Total direct-current system................ 35.7 | 432,800 49 


15,000-Volt System. Current is distributed at 15,000 volts 
from the main substation to two smaller substations and to 
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about twelve mills and factories which use large amounts of 
power. This system is two-phase, with the center point of each 
phase grounded. For mechanical 
reasons, No. 2 is the smallest wire 
ms! ne a lal used on the 15,000-volt lines. 
500-KW. MOTOR GENERATOR There are about 105 miles (169 
km.) of No. 2, nine miles (14.5 km.) 
of No. 1, and two and one-half 
miles (4.02 km.) of No. 0 wire. 
There are 30 transformers con- 
nected, ranging in size from 750 kw. 
to 50 kw., with a combined capacity 
of 6,250 kw. : 

Loss in the 1,500-volt system 
was found by taking the difference 
in the meter readings at substa- 
tion and at the various receivers, 
and checked closely by calculation 
from the line constants and load 
data. The transformer losses on 
this system were computed from 

10072002300 400 500 the load data on the station reports 

tee wn RIOR AE TS and the tests taken on each size 

Fic. 6 and type of transformer under 
actual operating conditions. 

Copper loss is small compared to core loss because the trans- 
formers were lightly loaded; an installation of 6,250 kw. carried 
an average load of 1,823 kw. The detail losses were: 


~ 100 


Efficiency, Loss, Average 

1911 kw-hr. loss, kw. 
LP OOO eV. GIES sew sree cuelet saeret cor ndeF er Otahes are fe vo 99.2 93,500 11 
P5;000=volt ‘transforimers...o.loasi sec ees een 93.2 775,100 88 
SOE OSS ae cee hate ale a) oa) siseuahcia sethsnskey agate /ss0y 694,000 79 
KODDEE LOSS: cha ohcee clereie vier ereie oie! so ee wile 81,100 9 
Rotval for syStemi-.h 5 che ssl ewicks wesc gine chee 92.5 868,600 99 


2,400-Volt Distributing System. Power is distributed from the 
substations by means of seventeen 2,400-volt primary feeders. 
Of these, twelve are fed from the main substation at Seventh 
- Avenue and Yesler Way, three from Fremont substation and 
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circuits were designed for 200 amperes and the lighter ones for 
150 amperes. Number 4/0 wire was used at first, but the 
economic size for a 200-ampere feeder has been computed at 
350,000 cir. mils, which size is now used on the heavier feeders. 

An area of 28 square miles (72.5 sq. km.) is served by this 
system, extending seven miles (11.2 km.) south and six miles 
(9.6 km.) north of Yesler Way. A distributing point is estab- 
lished at the approximate center of distribution for each feeder, 
and the automatic regulators in this station are set to give the 
desired voltage at this point. : 

Connected to the 2,400-volt feeders are 1,082 distributing 
transformers, ranging in size from 24 kw. to 50 kw., and with 
an aggregate full-load capacity of 9,2684 kw. They are con- 
nected to give a 240-120-volt three-wire low-tension winding, 
with the neutral grounded. To aid regulation, a number of 
transformers of the same size and type are usually connected 
together on the low-tension side, where conditions will permit. 
The secondary wire is generally No. 4 for the outside wires and 
No. 6 for the neutral, with No. 8 for the services. The maximum 
voltage drop from transformer to customer is kept within 2 volts 
whenever possible, since there is no way of regulating for voltage 
between these points. The pressure at the service is kept as 
near 120 volts as possible. Although standard 2,200-110-volt 
transformers are used,*the pressure has been raised to 2,400 
volts, and it is planned to raise it still further to 2,500 volts. 
This gives about 25 per cent higher core loss, but lowers the 
copper loss in both transformers and feeders about 29 per cent, 
and in addition gives nearly 14 per cent better regulation. The 
2,400-volt system used 545.4 miles (877.7 km.) of high-tension 
Wire, ranging in size from No. 6 to 350,000 cir. mils, and 1,137.7 
miles (1,830.9 km.) of low-tension wire, varying from No. 6 
to No. 4/0. 

Losses in the feeder regulators were computed from tests made 
on each type used, in conjunction with load data from the station 
reports. Losses in distributing transformers were computed in 
the same way, using also recording ammeter charts taken at 
distributing points. Losses in the high-tension line were com- 
puted from the load data and line resistances of each feeder, and 
checked by recording voltmeter charts taken at the station and 
at each distributing point. Loss in low-tension line was estimated 
from line resistances and load data, and checked by recording 
voltmeter at the customers’ services. Loss in the customers’ 
meters was computed from tests on each type of meter in use. 
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A check on the various distributing losses is furnished by the 
difference between the power metered to the customer and that 
delivered to the distributing system. This amount proved to 
be slightly greater than the sum of the losses as computed, and 
the difference was added to the loss in low-tension system, since 
that loss was most difficult to determine with accuracy. There 
is also probably a small amount of stolen current included in the 
low-tension loss. The details of losses on the 2,400-volt com- 
mercial system follow: 


{ 

| Efficiency, Loss, Average 

| 1911 | kw-hr. | loss, kw. 
Beedersresulatorss. 2. acs pene coeee eae. 98.6 178,500 | 20 
Primarysreedersj aye os, A ee ae ole 96.0 521,600 60 
Distributing transformers.........<..<..-+ 88.8 | 1,891,000 159 
Corenlosstercen Mysto ie cco ead ere wees 960,000 110 
(Dias opeysre ery Bes Bust 5 Behe As ree ene 431,000 49 
DECONGATICSS Mer wie rite ne Se ci aches ete esas 92.9 782,600 89 
Gastomers* smeterss: <)jansle ail otlisciolesses « 97.6 250,000 29 
Wotaliforisy stetacc cer Sete Me cen Wor. yee 76.2 3,128,700) al 357 


} 


Cluster Light System. The ‘cluster light system comprises 
1,631 poles, lighting 25 miles (40.2 km.) of street and carrying 
6,851 lamps of a total of 335,700 watts. This system is supplied 
from 720 kw. in transformers, using 23 miles (37 km.) of primary 
wire carrying 2,400 volts and 98.4 miles (158.3 km.) of secondary 
wire in a 240- and 120-volt three-wire system. The voltage is 
changed from 120 volts to 8 volts in the base of the pole and 
8-volt multiple lamps are used. Losses on this system were 
computed in a similar manner to those on the other distributing 
systems. They lack the check of integrating meters at the lamp, 
but were easier to compute on account of the constancy of the 
load. The transformer losses contain those from the pole-base 
transformers, which are 250-watt, 8-volt transformers. 


Efficiency, Loss, Average 

toeee LoL kw-hr. loss, kw. 
Cluster lightiprimarieSs oc occ wie sis sislele ow os | 97.0 42,500 5 
Cluster light secondaries...............+5- | 93.0 86,500 10 
Cluster light transformers... -..5.0.....05 87.8 181,000 21 
COreslOSS rac cieth tears src Pilie ous tcl a yearn ess irate 117,500 13 
Coppercloss, eter chin deaths eda ae sees Rees 63,500 7 
Oba LOLSY SCO sioc)isicicy + oes vieheiesslo Boe 79.1 310,000 35 
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Series Street Lighting System. The series street light system 
comprises 683 miles (1,099 km.) of No. 6 wire divided into 29 
circuits, lighting 601 miles (967.2 km.) of street. The circuits 
are connected two in series to 100-light air-cooled constant- 
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current transformers. The voltage on the circuits varies with 
the number and kind of lamps from 2,500 volts to 5,000 
volts. Altogether there are 692 6.6-ampere arc lamps, 5,315 
40-c. p. tungsten lamps, and 199 300-c. p. tungsten lamps. 
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Losses were computed in a similar manner to those on the cluster 
light system, and were as follows: 


Efficiency, | Loss, Average loss, 
1911 | kw-hr. kw. 

Series Tines.. 5 nace neragioemlc en ereinae oe eis 90.8 233,500 27 
Constant current transformers............ 95.0 133,700 15 
Core tlossvr rds scarcer eeu hoe is 63,900 7 

| Copper OSSo. cic er es eee sie oe 69,800 8 
Total for systemios, «ieee a aerate ee 86.3 | 367,200 42 

| 


The table on the preceding page shows the losses and 
efficiencies for each part of the system, and the accompanying 
diagram shows each loss expressed in per cent of penstock input. 

The writer is indebted to Dr. C. E. Magnusson and Profes- 
sor Harris of the University of Washington for very considerable 
assistance in tests on pipe lines and generating units, and to 
Mr. Glen Smith of the City Light Department of Seattle for 
compilation of tests and data. 

The generators and station transformers were also tested by 
the Electrical Testing Laboratories of New York. 
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Discussion oN “PLANT EFFICIENCY—AN: ANALYSIS OF THE 
Losses oF A Hyproertectric System” (Ross), Porrt- 
LAND, Ore., Aprit 18, 1912. 

Gano Dunn: It is startling indeed to see the resulting effi- 
ciencies so carefully and accurately computed as they have been 
in this paper, and it is also startling to see a considerable 
difference in the amount of this total efficiency from what prob- 
ably would have been given in the prospectus of a hydroelectric 
company had the company been in the course of financing in- 
stead of in actual operation. In one table there are given certain 
efficiencies of impulse units and certain turbine units, and both 
seem considerably low. If I understand Mr. Ross’s use of the 
figures aright, these statistics indicate lower than full load effi- 
miencies.. Ain | tight, Mr. Ross? 

J. D. Ross: Yes. The full load efficiencies are given in the 
curves, Figs. 2 and 3. 

Gano Dunn: Of course in a station where there are few units, 
it is difficult, if not impossible, to run the units at full load. In 
taking the Institute’s honorary member, Dr. C. E. L. Brown, 
of Switzerland, who rushed through the Pacific Coast a few 
weeks ago, through the Waterside station of the Edison Company 
in New York, Mr. Lieb remarked it was one of the strictest rules 
of the company never to run the machines except at full load, 
and that, therefore, they never cared what the efficiency of 
the plant was, and the average load under which the stations 
had been running in the past was about 1014 per cent. If that 
is SO, why is it not possible to insist in the operation of our systems 
more upon full load, running units with a view of improving the 
relatively low efficiency shown by Mr. Ross’s calculations. I 
know the human element is against it, but 1t needs only for us 
to be shown what the total diminution is in a case like this, for 
us to be stimulated, and to do as much as we can to correct it 
by seeing that the best efficiencies are employed in the apparatus 
we use. We run a generator or a wheel under a full load, and 
when the load varies, add units instead of changing the load as 
a whole. This practise of calculating the accumulation of little 
quantities is an old but fundamental principle. The differences 
made by a lot of little. things always astonish people that com-. 
pute them. I. think we ought to call Mr. Ross the Benjamin 
Franklin of the present era because he puts into electrical terms 
the maxim ‘‘ Take care of the pennies and the dollars will take 
care of themselves.” 

S. J. Lisberger: Mr. Ross has presented to us a val- 
uable paper. I think he has done himself a slight injustice, 
however, in considering the subject of station lighting or sub- 
station lighting as losses to the system. I believe if Mr. Ross 
had to go before his own board and ask it for more money or 
possibly an increase in the rate, he would be told he might well 
justify an increase in rate, or he might justify a demand that he 
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be allowed a certain amount of money for lighting the stations. 
I don’t know how much that will help his losses. I think it has 
been the rule of most state commissions that the companies are 
allowed for their own business the actual cost of production of 
that current as a charge against the particular department in 
which the current is used. Mr. Ross has stated that the economic 
size of his alternating feeder is 350,000 cir. mils. That seems at 
first glance rather an excessive size of copper. As a matter of 
fact, I don’t recall any systems that use that size. [ask him what 
is the approximate or average distance from the center of distri- 
bution to the stations, and at what rate or what value he figures 
lost current. That will have much to do with the economic 
size of the feeder in question. I also ask him, in figuring the 
kilowatt-hour output or kilowatt-hours stolen from the customers’ 
meters, what method he used in making these estimates. 

R. Howes: The waterwheel in a hydroelectric plant is at the 
fountain head, so to speak, as its efficiency affects the entire 
available output. I would like to ask if there was any specific 
reason why the turbines should give such a continuously rising 
efficiency curve. The gates are of a wing type, if I remember 
correctly, so it would be interesting to know why these wheels 
were not designed to have maximum efficiency at something less 
than the full load. — 

J. B. Fisken: It seems to me that the curves should show the 
maximum efficiency at about 100 per cent load with a drooping 
characteristic on either side; the efficiency also seems low. The 
100 per cent load shows a turbine efficiency of about 75 per cent. 
I would like to know whether Mr. Ross can say if that should 
not be 10 per cent higher. We have no trouble at all in our 
wheels in getting 86 or 87 per cent and on some of the new 
wheels we have ordered, we are guaranteed almost ninety per 
cent. LIagree with Mr. Lisberger in regard to the charging of the 
station lighting. It seems to me that should be charged as an 
expense and not as a loss, and not against the efficiency of the 
plant. There might also be a slight saving, I cannot say how 
much, by the use of three-phase transformers instead of single- 
phase transformers. 

L. F. Harza: I ask Mr. Ross if the 5,000-kw. load is 
the rated load on the generator. I also ask if a test on 
the full gate power of the unit was ever made to determine how 
many kilowatts could be developed. I have found in a number 
of instances that waterwheels are too large for the generators, 
and in one instance, a 2500-kw. generator has been operating 
with waterwheels so large that at the 2500-kw. normal load on 
the generator, the wheels operate at, as I recall, somewhere 
about 70 per cent. The wheels are, however, capable of develop- 
ing better than 80 per cent efficiency, but only at a high overload 
of the generators, the fault being entirely due to too large capac- 
ity of the water wheels rather than inefficiency. Theresult is that 
in order to run the unit at normal generator rating, the wheels 
must operate at low gate opening and hence low efficiency. 
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There has been a very common trouble in the office where I have 
been employed in recent years, in buying waterwheels small 
enough. On one contract we had to reject successively two 
wheels which were built and tested at Holyoke before we could 
get the manufacturers to build one of as small a capacity as we 
wanted. The trouble was, I believe, that we specified that the 
units must be capable of developing at least a certain horse 
power under a given head, which is a very common specification, 
and one which we found it necessary to discard on this account. 
We found that the waterwheel builders design the wheels for a 
greater capacity in order to meet their power guarantee and ap- 
parently cannot predetermine the maximum capacity of their 
wheels accurately enough to work to that specification without 
the danger of getting the wheels too large for the generators. 

O. B. Coldwell: I have been very much impressed with Mr. 
Ross’s paper, from the short acquaintance I have had with it. 
I have long been an advocate of attempting to find out what . 
things do in actual practise where they are installed, as against 
what they might do on the floor of the factory in being tested or 
at some other point where conditions are not exactly the same 
as they may be after being installed. Mr. Ross’s paper has 
stated just such an actual condition as that, and I consider it of 
much more value than a paper dealing merely with the test re- 
sults not attached to practise. In the company which I rep- 
resent we have during the past few years been heading in the 
same direction. We have attempted to test in place, water- 
wheels, generators, transmission lines and all other parts of the 
system. To date, we have not put all this together and as- 
sembled it as Mr. Ross has been able to do. In the waterwheel 
tests which we have made, we have employed very largely the 
Pitot tubes, conditions being such as to make the weir measure- 
ments impracticable; at any rate, it would have been a very 
difficult matter to have used a weir. We have, in addition to 
water power plants, the steam plants entering into our system as 
relays, and if we were to attempt to talk about the total efficiency 
we would have that factor entering in. Itso happens that we 
have two frequencies of generation, 33 cycles, which is the hold- 
over from early practise, and a lot of apparatus of that type, and 
it is still doing plenty of good work and cannot be dispensed 
with, and in addition the sixty-cycle; and as we have transmis- 
sion lines of 33 and 60 cycles working together as a tinit more or 
less, our problem of working out plant efficiency would be more 
complicated, perhaps. I notice in looking over Mr. Ross’s paper 
that the average losses for the year are the ones shown as the 
basis of this discussion.. I might state that the operating 
records which we are using in connection with the Portland 
Railway, Light and Power Company are made up entirely by 
readings taken from watt-hour meters which are read once every 
hour. While we have many indicating instruments all over-the 
system, norecords are kept of them. The watt-hour, meters are 
read once every hour and plotted on a cross-section sheet by the 
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attendant, with colors used to show the various types of service, 
and there is thereby on record for the station attendant’s benefit, 
as well as that of the operating department later, an exact 
picture of what is going on in the station. A number of com- 
panies on the coast have load dispatchers’ systems and have 
found them of great advantage. I might say that we are just at 
the present time installing a system of that sort wherein we will 
put the question of deciding just how many units are to carry the 
load, etc., to an expert, rather than leaving it more or less, as it 
has been done in the past, to the discretion of the operators. Mr. 
Ross mentions the benefit which may be derived by properly 
educating the operator in the use of his apparatus. I want to 
say we have found this particular class of record which we have 
been keeping—that is, the drawing of a picture, as it were, of the 
operation of the station from day to day—to be of very great 
benefit to the operators themselves. 

H. Y. Hall: In reference to the point raised by Mr. Dunn 
as to the operation of units at the most efficient point, I do not 
think that the operator of the hydroelectric plant is to blame for a 
unit not being operated at its most efficient point, so far as condi- 
tions are in the west, at different hydroelectric plants. Of course, 
in the case of the New York Edison plant, they have stations 
with over a dozen units of different sizes and their load is not so 
very variable, so they can operate at the most efficient point. 
With a hydroelectric plant the conditions are entirely different. 
A great many plants are one-unit plants, some two, but very 
rarely over four units; then the point may be raised as to why put 
in a lot of units so as to operate some of them at the most efficient 
point under all load conditions. The question of the load 
factor comes into consideration, and the cost per unit and the 
full-load efficiency due to the small units. It seems to me that 
the criterion isn’t so much efficiency. It seems to me that we harp 
too much on the efficiency and we pay for that efficiency at times 
when it isn’t really worth what we pay. After all, the criterion 
is what it will cost us, everything considered, to turn out so many 
kilowatt-hours at such and such load under such and such con- 
ditions. With a plant that has no storage capacity the light 
load efficiencies are not of importance. It is the full load effi- 
ciency that is the important point. 

J.B. Fisken: I ask Mr. Ross if any Pitot tube measurements 
were made to check the constants of the weir measurement, 
and if they’ were, how many traverses were made with each 
measurement. 

J.D. Ross: In answer to the criticism of Mr. Lisberger that 
the station lighting losses should not be charged up against the 
losses of the system, I really believe he is right, for two reasons. 
One reason is that a good deal of that lighting is for advertising 
purposes and we are increasing it now on the line of the Mil- 
waukee Railway Company, where we are going to put in a little 
advertising. I suppose this really should be charged to adver- 
tising, the same as printing would be. The station lights inside 
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the building, itself, used for the operators, should be classed a 
little differently, it is true, but still, perhaps, should be charged up, 
aside from the losses, as a commercial load. The object of this 
test, though, was not altogether for the paper; in fact, the test 
has been going on several years. What we wanted was a full 
test of our plant. Now, Mr. Hall said that the full-load ef- 
ficiency was the only thing we can consider in any diversion 
system. That is practically true. As I said at the outset, this 
paper is for a storage system, and the distribution end of it is also 
largely applicable to a steam plant. Where you have a purely 
diversion system and do not store your water, then, of course, the 
principal thing is to run your machines at full load. To obtain the 
maximum efficiency is the important thing. Mr. Hall, also, has 
stated that too much stress is put on efficiency, and I surely 
agree with him there. The idea of this test was to raise the ef- 
ficiency wherever possible, provided this could be done without 
extra cost, and you will notice there are a lot of little places where 
that can be done. The question of regulation is very important. 
You know the man that comes in and kicks usually is not kicking 
so much on his bill as he is on his regulation, and if there is a lack 
of efficiency, it can be made up in higher prices a good deal 
easier than a lack of service can. Of course, where we are, the 
lack of service sends a man to the other company—some of you 
are familiar with that, and some not; we always find it is a good 
thing for the operator, it keeps him alive. I don’t believe effi- 
ciency is the whole thing by any means. On our secondary, we 
figure on two volts, maximum, voltage drop; after we get 
over two volts we try to get busy. Of course, we miss it in a 
good many cases, but that is our rule. 

Mr. Hall has spoken of the rising characteristics of these 
particular turbines. These turbines were built, the first ones 
manufactured in this country for a six-hundred-foot head. Now 
that is a rather delicate question to answer. I never like to 
answer anything where the manufacturer is concerned, because 
when we have a difference with a manufacturer, we generally 
like to settle it with him and after this settlement everything is 
all right. The makers built an 8600-h.p.wheel. We would like to 
find a rising curve to full load, and then a falling off, and we have 
now actually arranged for another pattern of runner. I think, 
myself, they got the runner a little wrong in the diameter. [Iam 
not a waterwheel man. My figures may be entirely wrong. I 
wouldn’t uphold them against those of the designer of a water- 
wheel, but I think there is a little mistake in the runner, although 
the wheel is an excellent wheel and the relief valve made by the 
same people is also doing excellent work. 

As to tests, Mr. Fisken, or Mr. Harza, asks if a full load, full 
gate test has ever been made. At the time the test was made, 
we ran up to about 5000 kw. on the generator, or about 6600 horse 
power. In order to get the proper load, we put on rheostats; we 
took a piece of six-foot stave pipe and put a bottom on it, and 
placed resistance coils in water init. We connected the generator 
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to this resistance and took our readings using that load, but the 
wheel was not up to full gate opening. We. also handled that 
test a good deal as a farmer handles a basket of eggs, for the 
reason that to follow the test too far might mean a shut-down for 
the service. We liked the operation and the regulation of these 
two turbines very well, but at the same time I do believe that a 
mixture of Peltons and turbines would give a better and quicker 
response to change of load. 

Mr. Coldwell asks whether the Pitot tubes are a success; he 
says they are attempting to use them and asks if we are trying 
them. I would like to know Mr. Coldwell’s results on the Pitot 
tube; I would like to see them and compare them with current 
meter readings, and see the results obtained. We tried the Pitot 
tube and it may be we did not get the right kind. Wemade them 
up, the University tried them, and we tried them, made accord- 
ing to what is considered the best practise, but we failed to 
have them check with the weir and current meter readings. We 
took about three-hundred current meter readings in our tail race 
and also measured the water over the weir. Our load in that test 
was constant because we put the rheostat on, we kept our power 
factor constant on the machine and any excess load we carried 
on another machine. As to the accuracy of the curve, I don’t think 
there is any doubt. We ran complete tests on that curve twice. 

We expected about eighty-three per cent efficiency from 
the turbines, and the contract was so drawn up that any drop 
in efficiency below that made a forfeiture of a certain amount. 
The makers were businesslike in the whole thing, and being 
one of their first machines—the very first one of that head—I 
think they made a little error in the runner, but we are going to 
get a new runner with a maximum efficiency at the point we want. 
I think Mr. Harza asks if 5000 kw. was the normal load of the 
machine. The guarantee of the manufacturers was 5000 kw. 
at 40 deg. rise and 4000 kw. at 35 deg., and the machine met the 
guarantee. Our two Peltons are connected to generators of a 
different make and they are rated on the same basis of 1500 kw., 
40 deg. rise, but we run them right along at 1750 kw. 

As to the waterwheels being large in comparison with the 
generators, I believe that Mr. Harza is right; we ought to have 
a wheel fitted for the generator it drives. We have merely 
accepted the wheels subject to the conditions and specifications, 
which were freely met; and the makers offer to furnish a new 
runner to give us the efficiency desired at any particular place. 

As to the economic size of wire for 200-ampere feeders, 350,000 
circular mils may be a little large, but if you take into account 
voltage regulation, it is better to be above than below the right 
size, and we believe 350,000 circular mils is about the proper size. 
For down-town business there is no question about it, because 
regulation is so important. 


A paper presented at the Pacific Coast Meeting 
of the American Institute of Electrical Engineers, 
Portland, Ore., April 18, 1912. 


Copyright 1912. By A. I.E. E. 


PRACTICAL JOINT POLE CONSTRUCTION 


BY J. E. MACDONALD 

The object of this paper is to set forth the Los Angeles method 
of joint pole construction, which five years of practise has proved 
to be a workable scheme. 

Independent operation, accompanied by very rapid develop- 
ment and expansion, had permitted pole conditions to become 
extremely objectionable to the public as well as to the corpora- 
tions responsible for them. This reached a critical stage in 1906, 
when agitation for underground subways for all public utilities 
marked the beginning of the present cooperative policy. Dis- 
tribution by the underground method, except in the business 
district, is impracticable, for the reason that the populated 
districts demanding service are scattered over a very wide range 
of territory, there being an entire absence of congestion anywhere. 

The problem of joint pole construction was taken up for 
solution by the principal companies and the result was a general 
agreement covering the different phases of the work as seemed 
best fitted for local conditions. These conditions were favorable 
for the consummation of the project. The old construction stood 
out boldly as an object lesson in dangerous and unsightly conges- 
tion. The undeveloped but rapidly growing districts offered a 
field for trying the proposition under favorable conditions with- 
out any complications. There were some problems in the older 
districts which were not so readily solved, chief of these being the 
difficulty of eliminating the capital charges against the existing 
overhead system of each operating company. It is evident 
that if any poles are removed before the expiration of their 
natural life, or if wires are transferred which are providing 
adequate service, then a certain portion of the original invest- 
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ment must be absorbed in some manner in reconstructing on 
joint poles. This factor was given proper consideration in the 
preliminary investigations made in arriving at a satisfactory 
working agreement. A policy was adopted making the par- 
ticipation in such joint construction entirely optional with each 
company. However, when any poles are set, it is always with a 
view to providing space for all parties operating in such location. 
Even with this liberal policy, there have been but few cases 
where all companies have not found it to their advantage and 
profit to join immediately in such construction. Notwithstand- 
ing this condition, there has been no unequal division of the 
financial responsibilities, neither has there been any reason to 
suspect that the joint work has helped the financing of one 
project at the expense of another. 

The working agreement, which was executed by nine com- 
panies operating in common territory, assigned the executive 
powers to a committee, acting without compensation. This 
committee is composed of one representative from each member 
company, all representatives having similar authority regardless 
of the pole plant owned by the company represented. A sec- 
retary, appointed by the committee, is actively in charge of the 
details of the combination work. An office is maintained inde- 
pendently of the affiliated companies, the expense being pro- 
rated uniformly against these member companies. The com- 
mittee meets monthly for the discussion of combination work, 
and the consideration of mutual problems. The secretary is 
advised of all contemplated construction and reconstruction, 
and plans are made accordingly to provide for the service of all 
companies operating in the section where proposed construction 
or reconstruction is to be undertaken. 

The agreement makes certain fundamental stipulations; it 
defines the general purpose and intention of the agreement; it 
places certain necessary restrictions on joint work, defining the 
limits of good practise; it specifies the method of operating under 
the agreement; the term of agreement and responsibility of each 
company is predetermined as far as practicable; it limits the 
manner of occupying and space to be occupied by each party; it 
fixes valuations and charges, and prescribes regulations govern- 
ing special expenses and maintenance. 

In addition to the foregoing fundamentals, certain general 
regulations, which should not be considered as arbitrary rulings, 
have been adopted. 
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1. Combined Use of Existing Poles. Inthe combination use of 
existing poles, the combining parties use the highest or most 
satisfactory poles in the location where it is desired to make 
combination. The owner of same is permitted to bill the com- 
bining parties for a proportional interest at the rate which has 
been fixed for the valuation of such poles. 

2. Reconstruction by Owning Parties. When it is desired to re- 
construct a pole line ina location where none of the existing poles 
are suitable for combination use, one of the parties operating in 
this location sets new poles of standard size and length sufficient 
for the combination use of all parties operating in this section 
and for any other party which may desire to obtain space on 
poles. The constructing or owning party then sells a propor- 
tional interest to each party making the combination at the 
rate which has been fixed for the valuation of such poles. Each 
party transfers its wires and removes its poles at its own expense. 

3. Reconstruction by New-Coming Party. When a party is 
occupying a favorable location on any street or highway, and a 
second party desires to build a pole line in the same‘location, if 
the construction of the first party is entirely satisfactory and 
adequate for present and future needs, that party is not obligated 
to assume any expense in connection with the joint occupation of 
the new pole line built by thesecond party. The latter builds a 
pole line suitable for combination use of both parties, and grants 
and assigns an interest in same to the first party without charge, 
except that the first party transfers its wires, crossarms and 
fixtures at its own expense from old poles to new poles. This 
party removes its poles at its own expense and they remain its 
individual property. In special cases, however, the second 
party may be required to pay the entire expense incident to such 
transfer of wires and removal of poles, and this is determined by 
the committee, only those participating in the decision who are 
directly interested in the combination. 

4, New Pole Lines in Undeveloped Territory. Any party de- 
siring to construct a new pole line ina location where heretofore no 
pole line has existed, notifies the other members, through the 
committee, of the proposed construction, and upon request pro- 
vides space on such poles for the use of all parties who express 
their intention of combining in their use. The constructing party 
is then permitted to bill each of the combining parties for a pro- 
portional interest at the rate which has been fixed for the valua- 
tion of such poles. 
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5. Renewing Poles Naturally Decayed. All poles which have 
been in use as long as the committee determines that they are 
safe or satisfactory, or as long as the parties owning shares in 
same desire to use them, are replaced by new poles. The work 
of constructing such new pole line is undertaken by one of the 
parties, as determined by the committee, and this party is per- 
mitted to bill the other parties in the same manner as specified 
heretofore. 

6. Disposition of Joint Property Removed from Service. Joint 
poles removed from service may be removed at joint expense to 
a place designated by the committee, where they may be 
sold at auction, due notice having been given to each party prior 
to date of sale. The proceeds of the sale are divided between the 
owners in proportion to the number of shares owned by each. 
More frequently it is desirable that such poles should be sold or 
disposed of before being removed, the purchaser removing same 
at his own expense. This may be done by mutual agreement 
or by an exact division of the property in proportion to the shares 
owned by each party. 

7. Use of Old Poles. In the combination use of poles, those 
which have previously been in service elsewhere may be used, and 
provided that such poles are in other respects equal to new poles, 
are valued at the same rate as new poles of the same height, 
except for that portion which has been in the ground, which is 
considered of no value. 

8. Records. A record map is prepared for all combinations. 
Poles are numbered to correspond with house numbers of adjacent 
property. These maps are supplements to the general agreement 
and furnish a complete record, specifying the number and size 
of poles, date when set, valuation, and such other data as may 
be desirable in each case. These supplements must be approved 
by all parties interested before any authorization for billing is 
permitted. A complete file of all combination work is main- 
tained for each company by the committee. 

9. Specifications. A specification is understood to imply 
only first class construction, and as a rule, deals with maximum 
and minimum quantities. Assuming, therefore, that each 
party is maintaining its lines in the highest state of efficiency, a 
joint specification is simply a summation of all specifications 
together with such modifications as are necessary to mutually - 
protect the property of combining parties. This subject is so 
extensive that it cannot well be covered in a paper of this scope. 
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The author would refer those seeking enlightenment along this 
line to the specification adopted by the New York Telephone 
Company and the Public Service Corporation. This offers an 
excellent standard of construction, which is worthy of adoption. 
Local conditions will not demand any radical changes therefrom. 
PROGRESS IN Los ANGELES AND VICINITY 

During five years of operation combinations have been recorded 
on 21,270 poles. By count of poles occupied by two or more par- 
ties, it has been determined that the number of those which have 
been eliminated exceeds 30,000. The length of the average pole 
in combination use has been found to be 43.04 ft. (13.12 m.) 

Figs. 1 and 2 show the conditions at Sixteenth and Georgia 
Streets before and after reconstruction on joint poles. Sixteenth 
Street was widened 7.5 ft. (2.3 m.) on each side, and reconstruc- 
tion was carried on by the utility companies simultaneously 
with the improvement of the street by the municipality. 

Fig. 3 illustrates, in all its crudities, the results of independent 
operation, three lighting companies and two telephone companies 
maintaining individual leads on this property line. In the 
block shown herewith, which is 505 ft. (154 m.) long, there were 
ten 30-ft. (9.1 m.), nine 35-ft. (10.6 m.) and five 40-ft. (12.2 m.) 
poles, representing an investment in labor and material for 
poles of $285.25. The five 40-ft. (12.2 m.) poles, at an invest- 
ment of $70.00, would have provided better clearances for all 
companies. Proper construction would demand 50-ft. (15.2 m.) 
poles in order to comply with a correct specification. 

Fig. 4 represents a distributing lead on property line-showing 
the advantage of joint construction where rights of way are not 
easily obtained. This is a standard form of construction and 
easements are usually provided in all new subdivisions for the 
installation of such construction. 

Fig. 5 represents one of a number of square miles (1 sq. mile 
= 2.59 sq. km.) of territory which has been built up during the 
period that the companies have been operating under the joint 
agreement. In 1906 this section was traversed by a transmis— 
sion line and a portion of single track electric railway, on private 
right of way, which was operated at infrequent intervals for 
freight traffic only. Other improvements of any kind were 
lacking. It is now built up with magnificent homes, repre- 
senting the very best class of residence patronage for the public 
service corporations. Practically all the lots front east. and 
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west, and poles have been placed on north and south property 
lines for distribution, while the trunk leads have been placed on 
main streets running east and west, upon which the electric rail- 
ways have also been constructed. There are 685 combination poles 
shown on this plot. To accomplish the same distribution by 
individual construction would have required 1903 poles, that 
is, provided independent construction would have been tolerated. 
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In the square mile (2.59 sq.km.) there are 193 individually 
owned poles, which are used almost exclusively for street lighting 
or railway work. A few of these may ultimately become com- 
bination poles. On the south side of Sixth Street will be noted 
the only duplication in the entire territory. This construction 
was completed prior to the acceptance of the agreement by the 
telephone companies, and represents a superfluous pole invest- 
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ment of approximately $614.25. It will, therefore, be noted 
that failure or neglect to codperate leads to the possibility of 
creating objectionable construction, which may be main- 
tained during the entire life of pole line, owing to the expense 
of transfer. 

Figs. 6 to 13, oe show pole conditions on Sunset and 
Hollywood Boulevards, one of the principal outlets to a suburban 
community, and represent fairly well the various types of joint 
construction, where conduit subways would be impracticable 
from a financial standpoint. These streets form a continuous 
thoroughfare, extending over seven miles (11.2 km.) in length, 
from the extreme limit of the present conduit district. Of 
this there remains less than 3000 ft. (914 m.) which is not 
improved from the joint construction standpoint. 

Fig. 6 shows a combination which is incomplete. The city 
has underway the work of widening the street and reducing the 
grade, and joint work is to be completed by the removal of the 
railway company’s poles. The transmission line shown on the 
north side of the street is the 33,000-volt Edison line built in 
1897, this portion now being operated at 15,000 volts. Poles 
are in fair condition and are not unsuitable for combination 
use. 

Fig. 7 represents joint construction on a curve, where it was 
impossible to secure permit for anchoring on private property. 
Poles were trussed at joint expense. There are the municipal 
fire alarm, two telephone companies, a telegraph company and 
the railway company operating on one side of the street, and 
two lighting companies and the railway company on the other. 
The telegraph company and city are not parties to the general 
agreement, but cooperate where lines parallel. 

Fig. 8 also shows joint construction on a curve; poles on outside 
of curve have been blocked with concrete at base and at ground 
line, no guying being necessary. This is a combination of one 
telegraph company, one telephone company and the railway com- 
pany on one side of the street, and two lighting companies and 
the railway company on the other. 

Fig. 9 represents a typical straight line combination. Vacant 
position has been left on top of one line of poles for future in- 
stallation of transmission line for the railway company. Other- 
wise, the combination is the same as shown in Fig. 8, except 
that the view is in the opposite direction. 

Figs. 10 and 11 are views taken from the same point looking 
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in opposite directions, one representing a completed combination, 


and the other a proposition which will be undertaken upon the 
improvement of the street by the municipality. The railway 
company owns a private right of way in the center of street and 
has heretofore maintained center pole construction, this being 
removed in connection with the combination work. 
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Fic. 14—Joint PoLtE VALUES AND MARKET PRICES OF ROUND CEDAR 
POLES 
(Los Angeles, March 1, 1912) 


Figs. 12 and 13 illustrate a combination between a railway 
company and one telephone company, on one side of the street. 
On the other side is shown the conventional construction of one 
lighting company and of the railway company. 

Fig. 14 is a series of curves showing the present market prices 


of poles at tidewater points, from which points distribution is 
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made locally. Supplementing this, is the curve showing the val- 
uations according to the joint schedule for new poles set, painted 
and stepped. It will be noted that this gives a valuation of 
thirty-five cents per pole foot (0.3048 m.) for poles 30 to 60 ft. 
(9.1 to 18.3.m.) in length. Poles which have been set less than 
three years are assumed to be of the same value as new poles. 
Poles set from three to six years are assumed to be of the same 
value as new poles, but no value is given to that portion 
of the pole which is in the ground. Poles set over six years 
are assumed to depreciate at the rate of three and one-half 
cents per foot per annum, but no value is given to that 
portion of* pole which is in the ground. During five years’ 
operation under this schedule, it has been found that the valua- 
tions are approximately correct. The values given for 50-ft. 
(15.2 m.), 55-ft. (16.7 m.) and 60-ft. (18.3m.) poles are lower 
than they should be, but inasmuch as such poles are usually set 
by the party desiring the top position and the added length is 
often solely for this party’s benefit, it has not been found that 
the charges prove inequitable. 

Fig. 15 shows the practical application of certain forms which 
have been found useful in paainiteiing proper records of joint 
work, 

During the five years under discussion no individual, save a 
newspaper reporter, has precipitated the query “ does it pay?” 
It should not be necessary to furnish exact data on this point. 
The reduction in investment, that is, the difference between the 
purchase and installation cost of over 50,000 poles independently 
owned and operated, as against 21,270 combination poles, is sub- 
ject toexact deduction. The difference in the maintenance and de- 
preciation charges on them represents a quantity which may also 
be arrived at very closely. The saving in the maintenance and 
depreciation charges, at joint expense, of the combination poles 
for one year exceeds the cost of maintaining the office of the com- 
mittee for the entire period of five years. In addition to this 
there are the intangible quantities, such as the saving which re- 
sults from such a project as a matter of public policy; also the 
saving due to the entire absence of accidents on joint poles, on 
account of superior construction. Some of us might even figure 
on the conservation possibilities, taking the entire United States 
as a basis of action. 

In conclusion it should be stated that whatever degree of suc- 
cess has attended the joint proposition in Los Angeles is due to 


500 MACDONALD: JOINT POLE LINES {April 18 


the constant and consistent policy of cooperation which actuated 
the engineers of the participating companies. Nota single prob- 
lem has been presented for solution which has not ultimately 
been passed upon by unanimous vote. The defection of even 
one of the nine member companies, so far as participation in 
joint construction is concerned, could easily have introduced an 
element of doubt as to the success of the project. 

An effort has been made in this brief paper to touch on a few 
of the problems which will come up for adjudication by those who 
endeavor to undertake similar projects in joint construction. 
The suggestions contained herein are the result of fiye years of 
development under practically all conditions, and it is hoped that 
it will be possible for others to inaugurate a system which will 
solve even better the problem of complete cooperation among 
utility corporations. 

Possibly there are some operating engineers who will find it 
impossible to secure the cooperation of kindred or opposing in- 
terests in sucha project. Public opinion is an excellent but un- 
certain regulator in this respect, and it is to be regretted that 
some corporations are glad to be publicly coerced into proposi- 
tions which should have been adopted as sound business policy. 

However favorably we feel toward public control, matters of 
equity, as between the corporations themselves, should be ad- 
justed on an equitable basis without great legal assistance or the 
compelling influence of a public service commission. 

There are few cities in the United States where conditions are 
favorable for complete underground distribution systems as a 
possibility of the immediate future. To attempt to accomplish 
even a small portion of this would be to invite possible financial 
difficulties. But we can and should make our overhead con- 
struction conform to certain limits of decency. 


1912) DISCUSSION AT PORTLAND, ORE. 501 


Discussion on ‘“ Practicar Joint PoLeE ConstRUcTION ” 
(Macponatp), PortLANp, Ore., Aprin 18, 1912. 


A. H. Griswold: I am personally familiar with the proposi- 
tion which Mr. Macdonald has handled, and I desire to say 
that it is fully appreciated by the people of Los Angeles, as well 
as the operating companies. 

The Pacific Telephone and Telegraph Company alone, in 
Los Angeles, owns, cither solely or jointly, about 40,000 poles. 
When you consider that there are nine pole-using companies in 
Los Angeles, you can realize the relative magnitude of the 
problem on which Mr. Macdonald has been working. 

The joint construction of pole lines provides a wonderful 
conservation of capital, and it has also done another thing which 
is of tremendous value. Public agitation on pole lines in con- 
nection with the beautifying of streets in the cities and towns 
is becoming greater every day, and it is only by a proper coopera- 
tion of the pole-using companies in constructing joint pole leads 
that adverse public criticism may be alleviated, and requests 
for underground construction, which are often prohibitive from 
a cost standpoint, eliminated. 

The slowness of pole-using companies in constructing joint 
pole lines has provoked so much public agitation that in some 
states laws are being considered, and recently in one state in 
the West a law was passed of such an arbitrary nature that to 
have effected a combination arrangement in accordance with the 
requirements of that law would have required in some cases 
110- or 120-ft. poles. In other words, the requirements were 
absolutely absurd. 

Now if the wire-using companies would cooperate and effect 
these combinations along good engineering lines, providing for 
the proper factors of safety, both to life and property, they would 
forestall much of the agitation, and many of the things that 
frequently prove oppressive and burdensome to the utility 
corporations. 

I therefore believe that the joint pole question is a very live 
issue, and as engineers we should consider it very seriously. 

There is one point in connection with the joint work that 
has not been touched upon. There has been no combination 
made that introduces any physical electrical hazard to any of 
the other wire-using companies. The low-tension wires, or 
signal wires, are never placed on the same pole, or the same side 
of the street, with the high-tension wires of a voltage beyond 
the limits of the protective devices of the low-tension, or signal 
circuits. In Los Angeles the high-tension combinations are 
made on one side of the street on one set of poles, and the low- 
tension combinations on the other side of the street on another 
set of poles, and where crossings are necessary, they are effected 
in an approved manner. 
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L. B. Cramer: I would like to ask Mr. Macdonald if the 
telephone companies experience any trouble when their wires 
are placed on the same” pole with lighting companies’ primary 
lighting circuits or arc circuits. 

Mr. Macdonald spoke of high-tension wires not being allowed 
on the same poles with signal wires; at the same time I wondered 
if the classifications were such as not to be objectionable to the 
telephone companies from the standpoint of inductive disturb- 
ances. 

I would also like to ask on what basis the division of shares 
or units in each pole is made. For example, one company might 
want space for a 13,000-volt power circuit or a higher voltage 
power circuit, if such are allowed in the city; another company 
space for signal wires, telephone circuits, etc. The paper does 
not cover the division of ownership in each pole. 

Gano Dunn: Mr. Macdonald has undoubtedly made out a 
perfectly conclusive case in favor of joint pole construction as 
practised in Los Angeles. I am glad Mr. Griswold has con- 
tributed to the record certain statements with regard to the 
hazards, etc., he has just made. I may say the most beautiful 
pole construction I ever saw was in Los Angeles in this 
districL where Mr. Macdonald and others took me before I 
came to Portland, so I can fully agree with Mr. Griswold 
as to the persuasive powers of Mr. Macdonald. As I 
remember it, Mr. Griswold, in his paper, stated that Los 
Angeles was in a territory where the weather conditions 
were very favorable. In other words, Mr. Macdonald has 
chosen an example of successful joint pole construction where 
climate and natural conditions most favor it. For the bene- 
fit of the TRANSACTIONS of the American Institute of Electrical 
Engineers, which are spread all over the world, and are certainly 
read all over the United States critically, [hope Mr. Macdonald, 
in replying, will give some further information. I hope there 
will be considerable discussion bearing on the following facts. 

In the first place, while there may be no hazards introduced 
by different types of lines on the same pole, beyond the capacity 
of the protecting devices to take care of them, yet if the weather 
conditions were such as to make maintenance of lines themselves 
much more difficult, then the increased frequency of the opera- 
tion of those protecting devices and increased interruption to 
service and other things of that kind, might begin to come in in 
an economic way, whereas now it does not. In other words, the 
cost of maintenance of lines and the cost of renewals of protect- 
ing devices and the costs, figuring them in cost of interruptions 
to service, might begin to be, in other districts where the wires 
are frequently down, a sufficient item of expense to warrant 
questioning whether or not joint pole construction or possibly 
underground construction, where there are so many complicated 
circuits, would not be the proper thing. Then the liability of 
the relations of the companies should be discussed if we have 
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opportunity. How do the companies share in liability questions, 
as when a lineman might be operating on one set of wires and be 
injured on another, or vice versa? What is the actual interference 
on the circuits and the incidental hazard, and also what is the 
history of damage of joint pole construction with regard to the 
injury of employees? 

O. B. Coldwell: In Portland we have only to a limited extent 
tried out this joint pole arrangement. With the telephone 
companies. we have a few arrangements on individual streets 
and individual lines. In each case we have drawn up with them 
an agreement covering the matter of liability as well as of 
construction which should be adopted. It seems to me that the 
question of liability is one which is of very great importance, 
and I was rather surprised to hear Mr. Macdonald say there 
were really nine companies working harmoniously together in 
Los Angeles. It seems to me the content of his paper is a tribute 
to the broad-mindedness of the engineers in Los Angeles and 
their ‘‘ get together ”’ abilities, not that I have not hopes that 
equal results might be obtained elsewhere, and that the same 
thing may be accomplished, but the actual carrying out and 
putting into practise of such an arrangement is really meritorious. 
I ask Mr. Macdonald if, in the practical working out of this 
scheme, each company maintains its own linemen, has access 
to the poles as it desires for its own wires, going and coming as 
they please—whether, if that is the case, two or three line gangs 
atrive at the same pole at the same time, with minor difficulties 
as a result, or does this Joint Pole Commission have its own crew 
of linemen for all the companies together? It seems to me the 
latter would be the only way it could be satisfactorily worked 
out, and yet, if they are doing it by various crews in Los Angeles, 
I must be mistaken. I would like to hear from him on that 
point. 

S. J. Lisberger: Does joint pole operation invite a greater 
hazard than individual pole lines? This is a difficult question to 
answer. Possibly if all pole lines were built on the same street 
the hazard would be no greater, perhaps less, with joint poles, 
due to better pole clearances. But more hazard is introduced 
because it invites a larger number of wires to be located on the 
same lead. This is particularly true in territories where com- 
petition exists. 

The speaker recalls an accident of recent date on a system 
where a wire of an 11,000-volt lead on the topmost crossarm 
broke. There was possibly 50,000 h.p. behind the short circuit. 
It was surprising to see what damage could be done. To those 
who have never experienced an accident like this it might be 
interesting to note that the short circuit occurring in this case 
wiped out the entire pole line for two spans, there being 24 
wires on the lead. 

Joint pole line construction is advisable where not too many 
wires are concentrated on a single lead, but where such condi- 
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tions are likely to occur the speaker deems the problem worthy 
of careful consideration. : 

Does the municipality of Los Angeles pay its pro rata in the 
joint pole line construction? 

H.R. Wakeman: I would like to ask Mr. Macdonald if the 
line extensions carried out by the various companies are not 
somewhat delayed owing to the amount of “red tape” it, is 
necessary to go through in handling them through the joint 
pole commission. I understand that each time a company wishes 
to make any line extension it is first necessary for the com- 
pany to refer the matter to the joint pole commission which 
thereupon takes the matter up with the other companies before 
actual construction work commences. This naturally causes 
some delay and it seems to me it might be one serious dis- 
advantage in working under a joint pole commission. 

J. B. Fisken: In regard to the question of liability, 1t seems 
to me that the liability to accident is very materially decreased. 
In our town we have two telephone companies operating, and 
in some cases one telephone company has come along and strung 
its wires and cables right through the middle of our lead. 
We have had are circuits grounded on its cabfes, and various 
troubles. Now the liability to accident does not lie at the point 
of contact of those wires. Possibly a mile away a telephone 
lineman may be working on a line which he thinks is dead, but 
which may at another point be crossed with a high-voltage wire; 
then he gets hurt. Nothing has been said in regard to the ques- — 
tion of cutting trees. I don’t know how serious that is in Los 
Angeles. It is quite a serious proposition with us. We have had 
a great deal of trouble with the cutting of trees, and this spring 
we started a crusade on the proposition of tree cutting and I 
may state we had no assistance from the city government or the 
park commission. We decided to go to the property owners and 
ask for permission to trim the trees. So far we have had about 
three hundred permits this spring, covering about fifteen hundred 
trees. 

We have only had one complaint. One person gave us per- 
mission to trim the trees in front of his property. He had two 
lots, his house being built on one of them and the trees in 
front of his house were interfering, the others were not. We 
trimmed the ones in front of the house and then he came in 
and complained because we didn’t trim the others. We have 
worked along these lines and have had no trouble about trimming 
trees. I would like to know if Mr. Macdonald’s commission 
has any regular system of getting permission to trim the trees, and 
if it is assisted by the city government or the park commission 
or whoever has authority. 

We have endeavored in the last few years, as much as possible, 
to keep off the streets, but unfortunately in Spokane a great 
many of the finer additions are laid off without any alleys, so 
we can’t go in the alleys. I remember one place where we tried 
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hard to get easements across private property to enable us to 
build the line there instead of along the street where there was 
one of our 60,000-volt lines. We could not get it because one 
property owner held us up. Now does.this commission or 
does any one company have the right of eminent domain? 
Can they condemn in such cases? 

Another thing I would ask is whether easements are taken 
in the shape of letters, or are they regularly recorded and as 
such show up in the abstract of title to the property, in other 
words, are they permanent easements? 

On the question of construction, I don’t know whether the . 
state of California has a public service commission or not. If 
it has, does the public service commission allow the expenditure 
for joint pole construction to be capitalized in cases where lines 
which are removed are in good order? There is another question 
which comes very close home to some of us. In the state of 
Washington there has been a proposition submitted to the 
public service commission compelling the installation of guard 
wires above wires which have a limit of 5000 volts maximum 
where wires of a voltage of over 5000 volts are above them. 
Of course that applies not only in the towns, but all over the 
state. It means that if that should pass there would be probably 
five or six hundred miles of guard wires to be put up and in the 

cities of course that would be objectionable from the esthetic 

standpoint, as well as the standpoint of the consequent large 
expense for maintenance. Is there any such requirement in 
Los Angeles? 

I noted with interest the system of numbering the poles which 
Mr. Macdonald mentioned in passing, I think he might have 
dwelt a little longer on that. It happens to be a system 
we adopted several years ago, after laboring in vain with other 
systems. The only question I want to ask about that is, where 
there are poles in an alley, or across private property, is there. 
any definite system in numbering? By that I mean, does the 
number of any such pole apply to the property east of it, o 
west of it, or south of it, or north of it? 

Nothing was said with reference to the method of hanging 
large transformers. I don’t know what the rules are in Los 
Angeles, but in putting up transformers we make a dividing 
line at about five kilowatts, placing small transformers on the 
regular crossarms and large transformers low down on the pole. 
In putting up say a 30-kw. transformer on a pole, does that 
have to be put in the space allotted to the company hanging 
that transformer or is there provision made to hang it below? 

I hope Mr. Macdonald will answer Mr. Griswold’s inquiry 
in regard to handling the gangs working, because at home I can 
easily picture the situation where one non-union crew would be 
at work on a pole and a union crew would come along, to go to 
work on it. 

J. E. Macdonald: With reference to the electrical hazard 
and liability feature of the joint pole proposition, which so many 
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members have mentioned, it should be noted that the practise 
is to treat such matters exactly as though poles were individually 
owned. Not one accident has occurred in five years on poles 
jointly owned in Los Angeles. Even on poles which are not 
jointly owned, there have been fewer accidents, due to the in- 
creased co-operation between the operating companies. All 
linemen are furnished with printed blanks, of postcard form, 
with instructions to notify immediately the proper party, by 
mail, of any defective overhead construction which may be noted. 
If the defect is serious, they are instructed to use the telephone. 

In a number of cases, where failures have occurred on old and 
obsolete construction, some damage has been recorded, but in 
these cases it has been possible to determine the responsibility 
immediately by a prompt inspection of the conditions by the 
parties interested. This is a much more satisfactory method 
than that of permitting an indefinite period to elapse, when legal 
contests have been instituted, as in the old method of permitting 
the legal departments to be the arbiters in such matters, regard- 
less of existing physical conditions at the time of the accident. 

The hazard has seemingly been reduced from purely 
mechanical reasons. When poles for distribution purposes are 
erected on both sides of the street or highway, the services of the 
lighting companies and of the telephone companies cross each 
other frequently, and in many cases the telephone service is over 
that of the lighting company. The failure of one service is 
often accompanied by an interruption of some other service. 
On the other hand, when the lighting circuits and the telephone 
circuits are on the same poles on the same side of the street, the 
services are substantially parallel and the chances for interfer- 
ence are minimized. ; 

The distribution of shares in poles is fixed according to 
schedule. One share includes any part of: 

(a) Space for one, two or three crossarms for regular lighting 
and power service, or for one or two crossarms for one or two 
high-tension three-wire transmission circuits, with or without 
two telephone wires elsewhere on pole. 

(b) Span wire attachment or bracket trolley support, with or 
without crossarm for feeder and telephone. 

(c) Space for one, two or three crossarms for telephone service, 
with or without cable. 

Included in one share is space for transformer, lighting fixture, 
cable terminal or pole platform. This constitutes the maximum 
allowed for one share, and any company is permitted to purchase 
additional facilities when necessary. 

Although one share includes space for transformer, if it be- 
comes necessary to install one or two large transformers it is the 
usual practise to encourage the setting of a separate pole for this 
service. It is not permissible to place a transformer on the same 
pole with a telephone junction box, neither is it permissible to 
place a telephone junction box on the same pole with an arc 
lamp or other lighting fixture. 
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_ Before adopting the method of having each party a joint owner 
in pole or poles used for combination work, some combinations 
were made on a contract basis at an annual contract charge; 
also, some were made on a life ownership basis, and others on an 
annual rental basis. These were found to be not as satisfactory 
as the present method, where each shareholder has equivalent 
rights and responsibilities. 

In numbering poles on private property, or alleys, it is the usual 
practise to make reference to the house number on adjoining 
Street. 

With reference to specifications, which form a part of the 
agreement, it has been suggested by Mr. Dunn that the climatic 
conditions of Southern California are favorable for such an under- 
taking. This is correct, but it should also be noted that these 
specifications display but slight modifications from the standard 
adopted by the National Electric Light Association, which, as 
stated heretofore, originated with the telephone and power inter- 
ests of New York and vicinity, where climatic conditions are 
quite severe. In California, certain modifications have been 
made necessary largely on account of State regulations. 

The maintenance of poles is a joint expense and is pro-rated 
against each company according to the shares owned by each. 
This includes repainting, tree trimming and moving when same 
is necessary. The work is generally undertaken by the original 
owner of the pole line and proper notice is given to each share- 
holder of the contemplated work, and, in some cases, an estimate 
of the cost is submitted, so that there may be no misunderstand- 
ing at the time bills are presented for payment. 

With a few exceptions, 6600 volts is the maximum operating 
voltage permitted on poles owned jointly by the power and tele- 
phone companies. It is good practise to keep the toll lines of the 
telephone companies as far removed as practicable from the 
distributing lines, as well as the transmission lines, of the power 
companies. ; 

In the matter of tree trimming, the Committee has adopted 
uniform methods for all companies, it being necessary to secure 
the permission of the property owner, in writing, in all cases, 
before applying to the municipality for permit to trim trees. In 
case the property owner refuses to have trees trimmed, the Board 
of Public Works may order the work done if it appears necessary, 
but it is a matter of uncertainty as to whether the municipality 
has jurisdiction in such cases, and some difficulty has been ex- 
perienced in securing such permits. 

As previously stated, the municipality is not a party to the 
general agreement. It is to be regretted that certain legal phases 
of the problem are such as to preclude this possibility at the 
present time. It has been determined that the municipality 
has superior rights in streets and public highways and, of itself, 
this constitutes a serious barrier to such joint construction, al- 
though no physical condition exists which is a reason why such 
construction should not be undertaken in all cases.+ 
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The franchises of a number of the Los Angeles operating com- 
panies have a provision giving the municipality the right to 
pole attachments for fire alarm and police signal wires, and similar 
concessions are accorded the municipality by the other companies 
in nearly all cases. An unsuccessful effort has recently been 
made to place this on a business basis at an annual rental of one 
dollar per pole per year, said rental to include all maintenance 
charges. 

An inquiry has been made as to the attitude of public service 
commissions toward the companies which are reconstructing on 
joint poles. On this point, I do not know of any decision which 
has been rendered covering this feature. There is no doubt, 
however, that the cost of reconstructing on joint poles is an 
operating expense and, as such, may not be capitalized. 

California has a Railroad Commission, which assumed juris- 
diction over all public service corporations on the 23rd of March 
of this year. The law creating this Commission gives it almost 
unlimited power, including that of enforcing joint pole construc- 
tion. In addition to the Railroad Commission, there exists a 
State statute covering overhead construction. This law was 
framed largely as a labor measure and does not constitute a 
correct specification in all respects. One of the features proposed 
for this law, as first drafted, which fortunately was eliminated, 
was that of providing guard wires or cradles under high-tension 
wires at crossings with other circuits. Guard wires have always 
proved themselves a menace rather than a protection and should, 
therefore, not be recommended. 

It has been suggested that there is a possibility of delay in 
planning for extensions. This has not been found to be serious. 
On property line extensions permanent easements are usually 
provided by the subdivider of the tract. It is current practise 
to have the realty dealer insert a clause in deeds and contracts, 
which is worded approximately as follows: 

“ Subject to a perpetual easement along the rear of said 
property for the installation and maintenance of poles, cross- 
arms, conduits, wires, cables and other appurtenances for the 
use of the telephone and electric light companies, with access 
to same.” 

In such cases it is possible to estimate far in advance the possi- 
bilities and requirements of any given district. 


A paper presented at the Pacific Coast Meeting 
of the American Institute of Electrical Engi- 
neers, Portland, Ore., April 18, 1912. 
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AIR GAP FLUX DISTRIBUTION IN DIRECT-CURRENT 
MACHINES 


BY CHARLES R. MOORE 


The armature of a direct-current machine under load, reacts 
on the main field, the effect being commonly known as armature 
reaction. This reaction always has a tendency to distort the 
main field and may increase or decrease the total flux per pole, 
depending on the brush position and the relative values of arma- 
ture and field strength. The distribution of the flux, then, 
along the air gap of a direct-current machine is different, when 
the armature conductors carry current of appreciable strength, 
from what it is when the machine is running light. The extent 
of this change in air gap flux distribution determines largely the 
success of the design, so that it is highly important to be able to 
determine if possible what the flux distribution will be under 
load; in fact, no scheme of design can be regarded as complete 
unless it enables the designer to predetermine with reasonable 
accuracy the full load as well as the no-load characteristics of a 
given machine. 

As carried out at the present time direct-current machine 
design points out the no-load characteristics only, the full load 
characteristics being arrived at by the use of certain constants, 
applicable to the type and capacity of the machine in question. 
These constants, being derived from experience, give results 
sufficiently close for practical cases, but when designs of radical 
types are attempted the full load characteristics are more or less 
a matter of conjecture, and the machine must be designed with 
sufficient liberality to be safe. 

The writer believes that this full load condition should be 
capable of development from fundamental physics rather than 
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from empirical formulas, and the experiments herein described 
were carried out with thisin mind. The general plan of the work 
has been to study one machine thoroughly rather than to collect 
an array of data from many machines. 

This paper has for its object a description of these experiments, 
together with a discussion of the method developed by means of 
which the full load flux distribution of a direct-current machine 
may be easily and accurately predetermined from design data. 
The work herein described pertains to generators, but the 
method is applicable to motors as well. 


TESTS 


The experimental apparatus consisted in general of a four- 
pole direct-current machine, having an exploring coil, similar in 
shape to one of the regular coils, mounted on the armature and 
connected to two slip rings through which connection could be 
made to an oscillograph; also such auxiliary apparatus as was 
necessary to define accurately the conditions obtaining when a 
film was exposed. The exploring coil had a throw equal to a 
pole pitch, and was mounted on the surface of the armature by 
cutting a small groove in one of the retaining wedges and solder- 
ing clips to the teeth on either side after the coil was laid in 
place. The ends of the coil were held down by clips soldered to 
the binding wires. 

It is obvious that, as this coil passed along the air gap at 
uniform speed, it would have electromotive forces induced in it 
proportional to the flux cut, and since the spread was inappreci- 
able the curve shown by the oscillograph could be taken as that 
of flux distribution. In addition to the general shape, the curve 
secured showed harmonics, giving a notched appearance, as 
shown in Fig. 9, due to the pulsating reluctance of the magnetic 
circuit, as the number of teeth under a pole varied from maximum 
to minimum. This point will be brought out more fully later. 
The coil used was made up of four turns of No. 24 double cotton- 
covered magnet wire. The machine on which this coil was 
mounted was in reality a converter and is shown in Fig 1. This 
‘machine was of the type A.C.S., four poles, 7.5 kw. running at 
1800 rev. per min. The data under Fig. 1 pertain to this machine. 

This machine was one of two similar machines mounted on 
the same foundation, the two being so arranged that their shafts 
might be coupled together directly. This afforded an excellent 
drive as the motor could be run as asynchronous machine giving 
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practically constant speed. In addition to this advantage the 
synchronous motor on the oscillograph could be run from the 
same source as the machines being tested, and since this small 
motor had four poles also, it was in synchronism with the alter- 
nating electromotive forces generated in the test coil on the 
experimental machine. By this arrangement it was unnecessary 
to take current from the test coil except just enough to operate 
the oscillograph galvanometer. The tests were run at times when 
the load on the power station was light or constant so that 
practically constant speed was assured. A tachometer was used, 
however, as a check. 

As anticipated, the flux distribution curve shifted position 
along the ground line in the direction of rotation when load was 
put on the generator, so that, in order to have some reference 
point whereby this shift could be measured, a contactor was 
mounted on the shaft and connected in series with a battery 
and one of the galvanometers of the oscillograph. Once in each 
revolution of the test machine, this galvanometer threw on the 
screen a “ kick’’ which was permanent in position regardless 
of the flux shift. The brush of this contacting device was placed 
on a rocker arm so that the position of the “ kick ”’ could be set 
at will. The position chosen was the point of zero flux or when 
the flux curve crossed the ground line at zero load. When load 
was put on, the shift could be measured directly. 

Tt was also found necessary tec have some device for accurately 
locating the brush position on the films. This requirement was 
met by placing a second contactor on the shaft close to the com- 
mutator and mounting the brush which engaged with it on the 
rocker-arm to which the regular brushes were attached, so that, 
as the brushes were shifted, the “ kick’’ shown by the gal- 
vanometer to which this contactor was connected moved there- 
with. 

The neutral points on the commutator were located by sub- 
stituting for one of the regular carbon brushes a wooden brush 
on the opposite faces of which, in the direction of rotation, were 
fastened two pieces of strip copper; these bore on the commutator 
surface, spanning about three segments, and to them was at- 
tached a voltmeter. With the machine running light the rocker 
arm was set with the brushes on the neutral point. The con- 
tactor brush was then so adjusted on the stud that the “ kick ”’ 
shown by the galvanometer due to it, coincided with the point 
where the flux curve crossed the ground line. To set the brushes 
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at the neutral point, with the machine loaded, it was only 
necessary to shift the rocker arm until the “ kick ’’ again coin- 
cided with the point of zero flux. 

The oscillograph was of the galvanometer type having three 
cells. After each film was exposed, a calibration line was drawn 
upon it by impressing on the galvanometer with which the curve 
was taken a known voltage from battery. Before exposure, the 
light from all three galvanometers was concentrated on a single 
spot. 

In order to get several curves on a single film, the zero point 
or point of concentration of the spots of light was moved to one 
side slightly after each exposure. 

Fig. 2 shows the connections used for these tests. The field 
of the generator as well as that of the oscillograph was excited 
from a storage battery to insure constant conditicns. 
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THEORY 


Before discussing data and results it will be necessary to 
explain the theory followed in working them out. 

Professor Goldsborough has read before the Institute* papers 
dealing with flux distribution in air gaps and armature cores, 
but nothing has been found in his researches relating to flux 
distribution in the air gap under load conditions. In the first 
of his papers he explains the application of the theory of recip- 
rocals, but at that time no oscillograph was available and he 
found it necessary to check his work by means of commutator 
exploration. Everyone knows the dangers lurking in the use of 


* See series of papers, TRANSACTIONS A.I.E.E., 1896, XV, p. 515; 1899, 
XVI, p. 461, and 1900, XVII, p. 679. 
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exploring or pilot brushes, so far as quantitative values are con- 
cerned, so that it was first necessary to re-check Goldsborough’s 
methods and then to develop a theory applicable to the load 
condition. 

A brief review of Prof. Goldsborough’s method as far as we 
were able to use it will be given. On the pole, as shown in Fig. 3, 
a series of equally spaced points is laid off and corresponding 
points are taken on the armature. If the sum of the reciprocals 
of the distances from any point on the armature to all points on 
the pole be plotted above the armature point considered, a curve 
similar to curve A, Fig. 4, will be secured. In the first of his 


Fic. 3—LayoutT oF ARMATURE AND POLE FOR OBTAINING THEORET- 
ICAL CURVES 


papers above referred to, Prof. Goldsborough gives mathematical 
methods for calculating the ordinates for this curve, but the 
writer’s experience indicates that so far as time is concerned 
there is little to be gained in the use of the equations given. 
Since the pole shoe and armature are symmetrical with respect 
to the polar axis it is necessary to take armature points on one 
side only, as shown in Fig. 3. The table of reciprocals is there- 
fore short and the summations may be easily made. 

Just here it might be remarked that in the finding of curve A, 
the pole shoe is regarded as an equipotential plane for all points 
on the pole shoe and the sides of the pole core as of a varying 
potential for all points that occur beneath the field coil. This 
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automatically takes care of the effect of the field coil itself on 
flux distribution, for all load conditions. Prof. Goldsborough 
preferred to call curve A a curve of flux distribution when pole 
N was considered as acting alone. 

It is obvious that the poles S on either side have similar 
curves but of opposite sign to that of N and if these be plotted 
in their relative positions and added to A, algebraically, a curve 
similar to Az results. Prof. Goldsborough, however, considered 
one pole pitch only, although there seems to be no reason for 
not considering the entire number of poles a given machine may 
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have. Doing so, however, leads to complication. In Fig. 4 
the extremities of curves A, etc., are shown for four pole pitches 
with their algebraic sum A3. 

A better scheme seems to be to consider A; as a curve of 
permeance rather than a curve of flux distribution, since so 
doing permits one to multiply its ordinates by the values of 
magnetomotive force acting at the lower extremity, (at the 
armature points, and these magnetomotive forces may be cal- 
culated) thus obtaining a true flux distribution curve. 

In order to get a scale for curve A, it is necessary to find some 
point in the air gap where the magnetic lines of force are parallel. 
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This point is obviously the mid-position along the pole shoe. 
Knowing the air gap length at this point the reluctance per 
Square centimeter may be calculated, the reciprocal of which 
may be set equal to the’ maximum ordinate of the permeance 
curve and a scale found therefor. 

The magnetomotive forces due to the field coils only acting 
at the various armature points, may be found as follows: Taking 
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the magnetic potential drop along the armature surface between 
the pole tips as a linear function, (and this assumption is borne 
out by the tests,) we may represent the magnetomotive forces 
of two poles relative to the armature as shown in Fig. 5. When 
no disturbing effects are present on the armature, the magneto- 
motive force acting on the mid point between the pole tips is zero. 

The magnetic effects of the armature under load may be 
shown by Fig. 6 as a linear function, having zero value at the 
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middle of the pole shoe and maximum value at a point midway 
between the poles. Combining these two effects as shown in 
Fig. 7, the resultant magnetomotive force distribution along 
the armature surface may be found. Having now the magneto- 
motive forces acting at the various armature points and the 
permeance from each point to the pole, it is possible to calculate 
the flux entering the armature at any given point. 

One other consideration, however, must be taken into account, 
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namely, the reluctance of the teeth, before the real value of 
flux at a given armature point can be found. This problem, 
while it may seem complicated at first, may be done without 
great trouble, as follows: 

In Fig. 8 is shown the magnetization curve for the teeth and 
slots considered as parallel magnetic paths. This curve may be 
worked out in various ways, but the writer has used in this 
development a common formula due to Messrs. Parshall and 
Hobart, which is 


@; (ws tum — wytwipf) 
wy fy 


Ga = 


where @®, = apparent density at middle of tooth. 
@, = actual density at middle of tooth. 
W; = width of slot. 
= mean width of tooth. 
permeability of tooth at density &. 
= per cent of armature length that is iron. 
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This formula gives the relation between apparent and actual 
tooth density so that by assuming various values of ®; data for 
a curve may be worked out from which the actual tooth density 
may be read when the apparent density is known. The neces- 
sary ampere-turns for the teeth are then readily calculated. 

The straight lines shown in Fig. 8 follow from the value of 
permeance, for a given armature point, previously explained, 
the paths being all air paths. Combining now the curve for 
teeth and slots with the straight lines, a curve of magnetization 
for each armature point may be found, from which the flux 
entering that point may be obtained when the magnetomotive 
force is known. Getting, then, the values of magnetomotive 
force from the resultant curve as given in Fig. 7, the true values 
of flux entering all armature points taken may be found. 
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DATA AND RESULTS 


The first effects studied were the shift of field with load, and 
the effect of field strength on flux position. To this end the 
curves of Fig. 9 were taken, of which A is the no-load 
curve, B the full load flux curve but with field excitation the 
same as for A, and C the full load curve after the field strength 
had been increased until the total flux per pole was about the 
same as that shown by curve A. It should be noted that the 
areas of these curves may be taken as proportional to the total 
useful flux per pole, so that the decrease in developed voltage 
as load is thrown on when the field excitation remains constant 
may be easily studied. Curves given by the oscillograph, how- 
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ever, are usually rather small for quantitative results, but by 
working carefully a very good idea of the effects present may be 
secured. It will be noted further that curve A has a notched 
appearance. That these notches are due to pulsating reluctance 
of the magnetic circuit may be clearly shown by noting that there 
are twelve slots per pole and that the frequency of the notches 
is 24 times that of the fundamental. Furthermore, the notches 
appear in exactly the same way when the brushes are lifted clear 
of the commutator and no current whatever is taken from the 
armature winding. 

The extent of the shift can be measured by noting the distance 
from the contactor deflection to the curve when it crosses the 
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ground line. The ground lines shown in Fig. 9 are not in their 
true position, and this fact must be taken into account in cal- 
culating the shift. Careful measurements taken from Fig. 9 
show the flux shift to be about 9.5 per cent of the pole pitch in 
the direction of rotation. 

Curve C shifted less than curve B, showing that the effect 
of increasing the field excitation, with a given armature current 
flowing, is to partially restore the flux curve to its original 
position. This readjustment comes about from the fact that the 
reluctance of the teeth under the trailing pole tip increases with 
flux density faster than the reluctance of those under the leading 
tip. 

The effort made to get the areas of test curves A and C the 
same, was not altogether successful, owing to the fact thatit was 
necessary to measure the value of the field flux by connecting 
a voltmeter across the slip rings to which the exploring coil was 
attached. It is obvious that the effective values of voltage, 
which are proportional to the r.m.s. of the flux curves, are not 
the same for equal areas on account of changes in shape of the 
flux curves. The areas secured, however, were sufficiently 
accurate for the purpose. 

The effect of commutation and brush position on the main 
field was next studied and is shown in Fig. 10. So long as 
the brushes remain practically at the neutral point and do not 
short-circuit turns in a field of very great strength the effect on 
the main field is slight. However, as the brushes are moved to 
positions where the short-circuited turns are in a dense field the 
short-circuit currents rise to values that do affect considerably 
the main field strength. In Fig. 10, the curves are designated 
the same as in Fig. 9. It will be noted that as the exploring coil 
passes the brush position, 7.e., the coil in the slot beneath it 
undergoes commutation, the effect of the short-circuit flux is 
clearly shown by the increased height of the points. The writer 
is at present making an experimental study of reactance voltage 
of the commutated coil, using as a basis the difference in height 
of the points as illustrated. 

It was very interesting to watch the movement of the notches 
as the brushes were shifted from the neutral position. At the 
exact neutral these notches or points were about the same in 
height when the armature was loaded as when running light. 
However, the magnitude of the short-circuited current increased 
with change in brush position regardless of the direction of shift, 
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and since the coil was in the best position for action on the field, 
the height of the notches increased. As the pulsations due to 
varying reluctance coincided with the effects of the short-cir- 
cuited coil the notches increased greatly in height. When these 
actions were opposed, the notches were very much reduced. The 
frequency with which a commutator bar left a brush was just 
double the frequency of the pulsations of reluctance, andthe 
combined effect is clearly shown on some of the films by a large 
and small notch alternately placed. By neutral point is meant. 
the real position of zero magnetomotive force on the armature 
and not the no-load neutral. This is explained more fully in the 
appendix. 


SCALE OF RECIPROCALS | 


Se pe ee te 


! 
f 
1 
ss 
| 
t 
| 
i 


Ss a ee ee 
Qr—--+-—+-~+- 


a |b 
ARMATURE 
SS Ss ae 


Fie, it 


I 
= 
= 
a 
= 
& 


The most important considerations with which this investiga- 
tion has to deal, pertain to the shape of the flux curves and the 
derivation of a scale therefor. In comparing calculated with 
experimental curves, relative to shape, the areas and pitches were 
made equal, so that a common value of total flux was represented 
by them. Fig. 11 shows the permeance curve for one pole of the 
test machine. This curve was derived by the method of recip- 
rocals, the points on the pole shoe and armature surfaces being 
laid off as shown in Fig. 3. 

Having the permeance curve, which has to do with the ability 
of a given magnetomotive force to send flux from any armature 
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point to the pole as a whole, or vice versa, and the magnetization 
curve for the teeth and slots, magnetization curves may be 
derived for all armature points. In Fig. 8, the straight lines show 
the relation between density and ampere-turns for the various 
armature points, so far as the air path only is concerned. The 
slopes of these lines marked a, b, c, were determined by the air 
gap length at the middle of the pole face. The slopes of the other 
straight lines were determined by taking the slope of the first 
line as equal to the maximum value of the permeance curve and 
calculating a scale by means of which the direction of the lines 
corresponding to the various armature points could be calculated. 
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By combining the teeth and slots curve with these straight lines 
the real magnetization curves for all armature points could be 
found. These resultant curves are also shown in Fig. 8. 

Fig. 12 shows the distribution of the pole and armature 
magnetomotive forces under normal excitation and load, to- 
gether with their resultant. By taking values of magnetomotive 
forces for the various armature points, using the field magneto- 
motive force distribution curve only, and reading the corres- 
ponding densities from the proper curves in Fig. 8, the no-load 
flux distribution curve results as shown by curve C in Fig. 13. 
By choosing magnetomotive force values from the resultant 
magnetomotive force curve in Fig. 12, and again reading the 
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densities from the proper magnetization curves in Fig. 8, curve 
Ci, Fig. 13, results, which is the full-load flux distribution curve, 
the field excitation remaining constant. The dotted curves in 
Fig. 13 represent the actual flux distribution along the armature 
surface for the no-load and full-load condition. 

These curves agree so closely that in order to be sure of the - 
method, similar curves were worked out for low excitations, and 
correspondingly low armature load. To this end the curves 
of Fig. 14 were taken, the field excitation being slightly 
less than 300 ampere-turns per pole. For the sake of clearness 
these curves have been traced as shown in Fig. 15 and the ground 
lines put in their proper positions. 
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Fig. 16 shows the armature and field magnetomotive force 
distribution and Fig. 17 shows the no-load and full-load flux 
distribution curves. It will be noted that the experimental 
curves follow the calculated curves about as closely as is the 
case in Fig. 13, showing that the method takes into account 
properly the effect of tooth reluctance. 

It should be further pointed out that the maximum flux 
density in the case of normal excitation, Fig. 13, does not rise 
much above the no-load maximum values, showing that the 
teeth are well saturated. With low excitation this difference 
is greater. 
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The notches in the actual flux curves have been omitted for 
the sake of clearness since they in no way affect the general shape. 

At the bottom of Fig. 15, is shown a curve of flux distribution 
caused by the armature current acting alone, i.e., the field 
current zero and the armature currents forced through by an 
‘external voltage. Since this curve has little practical value no 
attempt was made to derive a calculated curve to check it. 

As previously pointed out, the areas of the curves A, Band C 
are proportional to the developed voltages, so that in a given 
design the drop in voltage, due to reduction of flux caused by 
armature reaction, may be found and compensated for by adding 
sufficient excitation to the field to bring the area of curve C 
up to that value which indicates sufficient flux to overcome the 
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armature and brush resistance drop, plus the developed voltage 
at no-load. This may be done by finding first the average air 
gap densities as given by curves A and B, and noting the values 
of field ampere-turns given by them on the magnetization curve 
for the air gap, teeth and slots. This difference is the number of 
ampere-turns per pole equivalent to armature reaction and this 
value must be added directly to the field excitation to compen- 
sate for armature effects. The armature and brush resistance 
drops may be computed and added to the no-load voltage and 
an average air gap flux density calculated to give the full-load 
developed voltage. The ampere-turns necessary to produce this 
increase may be found in the ordinary manner. 

With the full-load field excitation thus determined, curve C 
may be worked out, which will be the true flux distribution curve 
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along the armature surface when the machine is fully loaded and 
all the effects producing internal loss of voltage are compensated 
for. 

One of the points of interest to the student and engineer, 
resulting from having the load flux distribution curves, relates 
to brush position. Having the inductance of the commutated 
coil, Dr. Steinmetz, in his ‘‘ Elements of Electrical Engineering,” 
has already pointed out methods for calculating the proper 
density in which the coil should move in order exactly to reverse 
the current, so that by locating this value on the curve near the 
leading pole tip the brush position may be determined. 

It is obvious that since the brush position affects somewhat 
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the shape of the load curves, the position just found will be 
slightly in error, but experiment shows that for a reasonable 
shift of the brush position the areas under the load curves are 
not materially altered. In cases where the brush shift must be 
excessive it is a simple matter to derive a second full-load curve 
taking into account the new brush position. 


CONCLUSION 
The conclusions to be derived from the above are: 
a. The flux distribution curves for any load may be obtained 
with an accuracy closely approaching experimental observations. 


524 MOORE: FLUX DISTRIBUTION [April 18 


b. The positions of these flux curves are affected but little 
by brush position when the brush remains near the neutral point. 

c. Field ampere-turns needed for overcoming the armature 
reactions may be calculated without any special reference to 
cross magnetization or demagnetization in the sense given in 
standard texts. 

d. The brush position may be found accurately from design 
data. 

APPENDIX 

In the course of these experiments and studies several points 
of interest not pertaining to the final result came up. The first 
of these relates to the getting of a ®-H curve for the armature 
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iron of the test machine. The manufacturers were unable to 
supply an accurate curve for this machine. Furthermore, it was 
impossible to separate from the magnetization curve of the entire 
magnetic circuit, that part having to do with the armature iron 
only. Fortunately, however, the armature was constructed with 
two air ducts equally spaced, so that by sending a large current 
through the shaft and threading a coil which was connected to 
a ballistic galvanometer through the air ducts and around the 
middle section of the armature iron a satisfactory @®-H curve 
was secured. 


The second point had to do with the methods ordinarily given 
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for calculating the demagnetizing ampere-turns of an armature. 
As ordinarily taken, these ampere-turns occupy the space desig- 
nated by the double angle between the brush position and the 
no-load neutral. These experiments, however, show that as the 
load comes on the armature, the real neutral shifts in the direction 
of rotation, the effect being exactly the same as if the poles them- 
selves were rotated, relative to the brushes, a like amount. 
Furthermore, the position of the flux curve is affected very little 
by brush position, so that it is erroneous to measure to the no- 
load neutral in the calculation of the demagnetizing ampere- 
turns. Obviously the true point for load conditions can only 
be found by developing the flux distribution curve and, when 
this is done by the methods herein given, the element of cross- 
magnetization and demagnetization vanishes from the cal- 
culations, the extra ampere-turns needed for overcoming the 
armature effects being found directly after the area of curve B 
is obtained and compared with curve A. 

The experiments show that the effect of the so-called cross- 
magnetizing ampere-turns is much larger for a given case than 
has usually been charged against them, and that the effect of the 
demagnetizing ampere-turns is much smaller than the values 
given by the usual methods of calculation. 

In closing, the writer wishes to express his sincere appreciation 
for the untiring efforts of Messrs. R. E. Pumphrey, C. S. Beards- 
ley, H. Kessel and J. B. Sheadel, members of the class of 1911, 
School of Electrical Engineering, Purdue University. These 
men assisted the writer in the performance of the tests above 
described and used the experiments as a basis for their under- 
graduate theses. 

e 
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Discussion on “ Arr Gap Friux DistriBuTIon IN DIREcT- 
Current Macutnes’ (Moore), PORTLAND, ORE., APRIL 
18, 1912. 


H. Weichsel: The method used by Mr. Moore for investiga- 
ting the actual flux distribution in a direct-current machine con- 
sists in determining by means of an oscillograph the wave 
shape of the alternating e.m.f. generated in an armature coil 
spanning 180 electrical degrees. The assumption is then made 
that the field distribution is similar to the wave shape of the 
generated e.m.f., provided we consider that the base line 
of the half wave is equal to the pole pitch of the machine. This 
assumption leads to correct results if the field distribution is 
absolutely constant and does not change with time. If, however, 


Fic. 4 


Fie. 1 


T 


Fic. 3 Fic. 5 


the field distribution or the field strength changes with time 
this method must lead to incorrect results. ; 

In a direct-current machine with an unslotted armature it is 
true that the field distribution is independent of time, and the 
above method will give correct results. If, however, the armature 
is slotted it is evident that the field distribution changes with 
time because the teeth have a tendency to drag the flux in the 
direction of rotation. 

In Fig. 1 a two-pole machine with 12 armature slots is shown 
and in the following discussion we will assume that the machine 
has no fringing. The field distribution over the armature 
surface at the moment that a slot center coincides with the 
center line of the pole may be represented by Fig. 2a. Likewise 
Fig 26, 2c, etc., represent the field distribution over the arma- 
ture surface after the armature has moved a distance equal to 
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p/8, 2p/8, etc., where p equals the tooth pitch. The average 
field strength for a certain point on the armature circumference 
can therefore be obtained by finding the average of all the above 
ordinates for the point under consideration. By computing 
this for a series of points the average field distribution in space 


* over the whole armature surface has been obtained as shown 


in Fig. 3. 
Mr. Moore makes the assumption that the wave shape of the 
e.m.f. coincides with this field distribution. 


Fic. 2 


It is an easy matter to predetermine the wave shape of the 
e.m.f. by the fundamental induction law 


dN 


i i il with s turns. 
where N represents the lines penetrating the coil wit 
Therefore if we plot a curve with the total lines penetrating 
the search coil as a function of time (assuming constant velocity 
of armature) we can obtain the e.m.f. generated at any given 
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instant by drawing the tangent to the curve at that point. 
Fig. 4 shows the total lines interlinked with the search coil 
plotted as a function of time, as found by the use of Fig. 2. 
Fig. 5 is the e.m.f. curve obtained by plotting the values of the 
tangents to the curve shown in Fig. 4. A comparison of Fig. 
5 and Fig. 3 shows at a glance that these two curves are entirely 
different. The assumption that the wave shape of the generated 
e.m.f. represents the average field distribution on the armature 
is therefore not correct for the case in which the armature field 
changes its shape with time. : 

The conclusions drawn in Mr. Moore’s paper will, however, be 
correct in general, because, owing to the fringing of the lines, the 
field does not change very materially with time; but I believe 
great care must be exercised in trying to analyze the meaning 
of small ripples in the oscillogram as has been attempted in Mr. 
Moore’s paper. 


A paper presented at the 272d Meeting of 
the American Institute of Electrical Engineers, 
Pittsburgh, Pa., April 25, 1912. 


Copyright, 1912. By A.I.E.E. 


SELF-STARTING SYNCHRONOUS MOTORS 


BY CARL J. FECHHEIMER 


The following treatment of the starting of synchronous motors 
is intended to apply to polyphase motors and has been worked 
out for those of the revolving field type, but can doubtless be 
so modified as to apply to motors of the revolving armature type 
aswell. Theanalytical treatment of the subject applies to motors 
with definite pole construction. The writer has not investigated 
in any way the starting of motors of theround rotor type, such as 
are used in the construction of large high-speed turbo-generators. 

In polyphase induction motors the starting torque is propor- 
tional to the product of the current in phase with the flux mul- 
tiplied by the flux. The simplest example of this is a two- 
phase motor in which the torque is produced by the flux arising 
from the magnetomotive force of phase one, multiplied by the 
component of current in phase two which is in time-phase with 
the flux. As the flux is in time quadrature with the impressed 
electromotive force of phase one, and the conductors in phase 
two lie in this fiux, it will be seen that the component of current 
in phase two which is productive of torque is the component 
which is in time-phase with its impressed electromotive force; 
in other words, the starting torque is proportional to the power 
input to the rotor. As has often been demonstrated with in- 
duction motors, the starting torque expressed in synchronous 
watts is equal to the power input to the rotor expressed in true 
watts. : 

The same principle can be shown to apply in a similar way to 
three-phase machines; but the truth of this has been so well 
established and realized by all who have designed induction 
motors, that the validity thereof can, without further proof, be 
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well appreciated by those who are familiar with the phenomenon 
referred to. 

When a polyphase electromotive force is applied to the stator 
of a synchronous motor it produces a rotating field in the same 
manner as is the case with an induction motor. If the rotor be 
stationary, electromotive forces are induced therein, which in 
turn cause currents to flow, the values of which depend upon the 
electromotive forces and the impedances of their paths. 

If the entire rotor structure be well laminated, these currents 
are so small in magnitude that they will have little reaction 
upon the flux which produces them. On the other hand, if the 
poles only are laminated, and the field ring made solid, of steel 
or cast iron, the currents will then be in the form of eddies in the 
solid structure. These currents, being induced by transformer 
action between the stator and the rotor, must react upon the 
stator and cause currents to flow in the stator conductors which 
have magnetomotive forces equal and opposite to those which 
flow in the rotor. If the characteristics of the solid rotor were 
such as to cause the eddy currents induced therein to lag 90 
degrees behind the electromotive forces which produce them, 
then it will be seen that the stator currents, the magnetomotive 
forces of which are opposed to those in the rotor, are also in time 
quadrature with the stator equivalent of electromotive forces 
induced in the rotor. In this case, the conception of the 
manner of production of torque is that the in-phase com- 
ponents of the currents in the stator conductors, the magneto- 
motive forces of which neutralize the in-phase currents in 
the rotor, act with the flux to produce forces at the periphery. 
As the stator is secured in position, the rotor starts to revolve. 

It is only a small step from this to the case of the synchronous 
motor with a solid field ring, laminated poles and squirrel 
cage or amortisseur winding; that is, the starting torque is 
proportional to the components of the currents in the rotor 
circuit which are in phase with the electromotive forces that 
produce them, regardless of whether the currents are in the field 
ring, in the amortisseur winding, in the rivets which hold the 
poles together, or in the collars around the poles. If we have a 
laminated rotor body, we confine nearly all the in-phase currents to 
the amortisseur winding and collars around the heads of the poles, 
if such are used. In this latter case we may regard the torque 
as being produced by the components of the currents in the rotor 
bars which are in phase with the flux. — 
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It will also be readily seen that were the rotor to have solid 
poles instead of laminated, the same general principles would 
apply. Due to the large reaction of the eddies which are induced 
in the solid pole shoes in this latter case, the flux does not 
penetrate into the pole body to nearly so great an extent as is 
the case with laminated poles; that is, the eddy currents which 
are induced in the poles tend to keep the flux from entering them, 
producing the well-known skin-effect phenomenon. 

In starting a synchronous motor by applying voltage to the 
stator, the same conditions obtain as in the induction motor. _ 
In other words, to secure any starting torque, it is essential to 
have currents in the rotor lagging less than 90 degrees behind 
the electromotive forces which produce them. 

Upon the foregoing principle are based all of the calculations 
and derivations of formulas in this paper; that is, we have only 
to determine the power input to the rotor and we at once ob- 
tain the starting torque. In order to verify this, a number of 
experiments have been conducted on machines with laminated 
poles, cast steel field rings, with and without amortisseur 
windings; and also on machines with solid poles, solid field 
rings and solid pole shoes. The torque was measured by means 
of a brake, and due allowance was made for discrepancies caused 
by the static friction of the bearings. 

The power input to the stator was measured by means of 
wattmeters, the current was measured by ammeters in all 
phases, and the electromotive forces measured across all phases. 
The power input to the rotor was determined by deducting the 
stator copper loss from the stator input. In comparison with 
the stator copper loss, the core loss was so small that it could be 
neglected. There were, to be sure, certain points of difference, 
in some cases the starting torque being slightly greater than 
obtained by deducting the loss in the stator from the power input, 
and while in other cases it was slightly less, the discrepancy in 
general was about the same as is obtained when making starting 
torque tests on induction motors. For further discussion of this 
point, see ‘‘ Non-Uniformity of Torque at the Instant of Start- 
ing,” “‘ Unbalance in Phases,’ and ‘Star and Delta Con- 
nection,” treated in subsequent sections of this paper. 

One apparent source of error, which cannot be neglected, 
was the marked effect of variation in starting torque with differ- 
ent positions of the rotor. It was found, however, in general, 
that the average starting torque agreed very well with the power 
input to the stator minus the losses in the stator. 


532 FECHHEIMER: SYNCHRONOUS MOTORS [April 25 


From the above it will be seen that in order to secure large 
starting torque with small currents from the line, it is essential: 

1. To make the losses in the rotor high by using relatively 
large resistances. 

2. To minimize the reactance due to leakage fields which 
interlink with currents induced in the conductors in the rotor 
at the instant of starting. 

3. To reduce as much as possible the reactance due to leakage 
fields in the stator, as these greatly increase the electromotive 
force which it is necessary to impress upon the stator. 

4. To make the magnetomotive force required to drive the 
flux across the air gap as small as is consistent with the good 
performance of the motor after it is under operating conditions. 
The beneficial effects upon starting conditions secured by re- 
ducing the air gap are not, in the writer’s opinion, so great as 
some believe. See also ‘‘ Comparison between Induction and | 
Synchronous Motors at Starting.” 

5. To reduce, as much as is consistent with first cost and 
performance, the resistance of the stator windings. This not 
only reduces the electromotive force required to produce the 
requisite starting torque, but also lowers the power input to the 
motor during the starting period. 

The five factors given above are in the order of their import- 
ance, according to the writer’s judgment. 

To facilitate the reading of the paper, the derivations of such 
formulas as may be useful in the final calculation of the starting 
conditions, but which do not lead directly to the derivation of 
the final equations, have been appended. This applies to the 
derivation of the equations for leakage reactances, and for the 
convenience of the reader the final results are repeated in the 
main body of the paper. 


SELF AND Mutuat INDUCTION 


With the rotor of a synchronous motor stationary, the circuits 
are essentially those of the primary and secondary of a trans- 
former with great leakage between its members and large mag- 
netizing current. The secondary is short-circuited in that the 
currents are caused to flow through the amortisseur winding, 
_ or in the solid masses in the form of eddies. 

The values of these currents must be equal to the voltages 
induced, divided by the impedances of their paths, and the time- 
phase position in every case is such that the tangent of the angle 
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of lag of each current behind its voltage is equal to the reactance 
divided by the resistance. In other words, we must consider 
the relations of the same factors which obtain in a trans- 
former with a short-circuited secondary. 

It has been found from numerous tests that the apparent 
inductance of coils lying in slots opposite the pole heads is 
greater than that of those lying between the poles. It would 
appear from this that the self-induction of the former is greater 
than that of the latter. With an amortisseur winding on the 
rotor, this is true to a limited extent only. Emanating from 
those coils opposite the pole heads, leakage fluxes from the 
teeth pass into the heads of the poles without interlinking 
with any of the rotor conductors. This is entirely leakage 
flux which we designate as zigzag leakage. There is, how- 
ever, an additional flux which does interlink with the rotor 
conductors and would apparently increase the inductance of the 
stator, inasmuch as the current for the same voltage is decreased 
thereby. However, this flux produces mutual, rather than self- 
induction, and may be productive of torque, whereas the self- 
inductive flux has the effect of increasing the drop in the stator 
without assisting in the production of torque. 

Tooth tip leakage, which we have distinguished from the zig- 
zag leakage, arises from those coils which lie in slots between the 
the pole heads. After emerging from the teeth, tooth tip leakage 
flux has air only for its path, whereas zigzag leakage flux has the 
air gap and part of the pole head for its path. Were it not for 
the mutual flux, which in general is productive of torque, the 
apparent reactance would not be very different for the various 
positions of the rotor. This will be seen at once, when one con- 
siders that a great portion of the leakage of the stator is made 
up by the flux which crosses the slot and that which encircles 
the end connections. 

If the rotor be not provided with an amortisseur winding 
and the poles and field ring be so well laminated that 
no appreciable currents flow in any parts thereof, a large 
flux will pass through the poles and field ring and will cause a 
larger apparent reactance in the coils opposite the pole heads 
than in the intermediate ones. Since there are negligible currents 
in the rotor, it would hardly be correct to consider this as mutual. 
flux, but rather as self-inductive flux only. In a similar way, 
with a solid field ring and laminated poles, the flux which passes 
as leakage from pole to pole must be considered as self-inductive 
and not mutual flux. In this case that flux only is mutual which 
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passes into and interlinks with the various conductors carrying 
eddy currents in the solid field ring. 

Inasmuch as the voltage induced in the field coils reaches a 
very high value with laminated rotor construction, it is evident 
that the flux which passes through the poles reaches considerable 
magnitude. This is the mutual flux which is productive of 
torque and is the chief cause of the unbalance in the currents 
in the stator. For further discussion of this see ‘‘ Non-uniform- 
ity of Torque at the Instant of Starting,’ “‘ Unbalance in 
Phases,”’ and ‘‘ Star and Delta Connection.”’ 


EFFECTS OF HYSTERESIS 


Any loss which occurs in the rotor at the instant of starting 
will tend to bring the current more nearly into time phase with 
the flux and thus materially assist starting. Whether this loss 
is due to hysteresis or currents induced in the rotor is immaterial, 
as both tend to reduce the angle of lag of the current behind 
the electromotive force which produces it. 

If we were completely to laminate the rotor structure and 
depend upon hysteresis rather than eddy currents, very little 
torque would be obtained. It is for this reason that we provide 
paths through which the currents.may flow, which will be in- 
fluential in producing torque. 

The hysteresis loss is so small,in general, in comparison with 
circulating currents, that we may entirely neglect it. This is 
customary in connection with induction motors and, as is well 
known, no appreciable error is introduced by following out this 
method. 


NON-UNIFORMITY OF TORQUE AT THE INSTANT OF STARTING 


If two pieces of steel or other magnetic material be placed 
opposite each other and one of them be magnetized so that a 
consequent pole is induced in the other, then the two pieces will 
tend to move into such position as to reduce to a minimum the 
reluctance of the path through which the flux passes in going 
from one piece of steel to the other. 

Applying this principle to the case of the motor in question, 
it will be seen that if the polar arc has such length that for some 
positions of the rotor the reluctance of the flux path through the 
air gap is different from that for other positions, then there will 
be a variation of torque in the different positions of the rotor for 
the same input to the stator. It is very important, therefore, 
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in proportioning the parts of the rotor body, to make the polar 
arc of such length that the reluctance of the air gap path will 
be nearly uniform, regardless of the position of the rotor with 
respect to the stator. If the rotor should be in the position of 
minimum reluctance, then the magnetic forces will tend to hold 
it there, whereas the in-phase currents which flow in the various 
rotor circuits will tend to produce rotation of the rotor. It will 
be essential for the forces produced by these currents to overcome 
the magnetic attraction in addition to the resistances offered 
to the motion of the rotor before the rotor will begin to turn. 

Those who have designed induction motors will appreciate 
how much the torque will vary for different positions of the rotor, 
if the number of slots in one member is an exact multiple of 
those in the other. For example, if we were to take the most 
striking case of having an equal number of slots in the stator 
and rotor, then the currents flowing in the conductors set up 
magnetic fields which tend to hold the rotor in the position of 
minimum reluctance; that is, with a tooth in the rotor opposite 
a tooth in the stator. 

Applying this to the synchronous motor, it will be seen that 
if we were to use a squirrel cage winding with the angular dis- 
tance between slots in the poles equal to the angular distance 
between slots in the stator, then the currents which would be 
produced would likewise tend to hold the rotor in the position 
of minimum reluctance. The worst case occurs when the rotor 
bars are exactly one stator slot pitch apart; but there would be 
considerable variation in torque nevertheless, if the bars were 
spaced one-half slot pitch, or two slot pitches, or any other 
multiple of the stator slot pitch. 

It is well known, in general, that the variation in starting 
torque is minimized in induction motors if the rotor resistance is 
high compared with its reactance. In other words, the forces 
due to the in-phase current become large compared to those 
produced by magnetic attraction between the rotor and stator. 
For example, slip-ring induction motors, which have 50 per cent 
variation in starting torque with the rotor short-circuited, 
have nearly uniform torque with such resistance in series with 
the rotor as to give normal full load torque at starting. 

This applies also to the case of synchronous motors. The 
writer knows of a certain motor in which the tendency to have 
locking points due to this source would have been very great, 
but which in point of fact amounted only to 14 per cent, chiefly 
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due to the fact that the squirrel cage winding was of high re- 
sistance as compared with the rotor reactance. 

If the spacing between the rotor bars is not a multiple of the 
stator slot pitch, the air gap being small and the stator slots 
large, there may be a tendency for the bars to heat unduly when 
the motor is in synchronism, as the result of the variation in 
flux between the bars caused by the tufting from the stator 
teeth. To space the bars other than a definite multiple of the 
stator slot pitch may create considerable losses and excessive 
temperature rise. To determine the spacing of the bars in the 
poles, the designer should call upon his judgment. 

There is one other case of which the writer knows that may 
produce a large variation in torque for the same input to the 
stator, which is given under “‘ Star and Delta Connection ” and 
will not be repeated here. 


UNBALANCE IN PHASES 


It is evident that the coils in the stator, which at the instant 
of starting are directly opposite the pole faces, will have more 
flux interlinked with them than those coils which are between 
the poles. This will produce a greater counter electromotive 
force per ampere in those coils which are opposite the poles than 
in those between the poles, and therefore less current will flow 
in the former than in the latter. It will be seen, therefore, that 
the phases are badly unbalanced at the instant of starting in any 
definite pole synchronous motor. 

As tests which have been made upon motors at rest indicate 
that this apparent reactance frequently varies about 50 per 
cent between the two positions, the ‘currents will be corres- 
pondingly unbalanced, although not to the same extent that 
the reactance is greater in one extreme than in the other. 

The unbalance in currents also causes an unbalance in im- 
pressed electromotive forces, the extent of which is not only 
dependent upon the difference between currents in the various 
phases, their magnitude and power factor, but also upon the 
voltage regulation of the source of supply. In general, the more 
the impressed electromotive forces are unbalanced by the cur- 
rents, or the poorer the regulation, the less will the currents be 
unbalanced. : 

If the stator be wound with the usual six-phase winding con- 
nected for three-phase star—that is, if each phase belt be dis- 
tributed over 60 electrical degrees—then it will be possible for 
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two of the phase belts to be directly opposite the poles and the 
third phase belt to be between the poles, so that the current which 
flows in the phase between the poles will be considerably 
greater than the currents in the other two phases. 

By using the ordinary three-phase winding and connecting 
it star—that is, using a winding in which each phase belt is 
distributed over 120 electrical degrees—the unbalance would 
in all probability be much less. However, this method of wind- 
ing is hardly to be recommended, as the motor would thereby 
be handicapped in many ways. 

In all the calculations which are made, the final value of 
current obtained is the r.m.s. value of the currents in the various 
positions and in the different phases. The same applies to the 
electromotive forces. In working up results from tests, the 
r.m.s. value was used rather than the average for all currents 
and electromotive forces. 

In the case of three-phase machines the input in volt-amperes 
was taken to be the product of the square root of three, the 
r.m.s. values of the currents and the electromotive forces. 

The unbalance would in all probability be considerably greater 
if delta connection were used. This is taken up under the next 
subject. 

One effect of the unbalance in phases would be to cause the 
rotating field to depart from one of constant magnitude and thus 
to some extent lower the starting torque. It is well known that 
anything which upsets the uniformly rotating field may give 
rise to losses which do not assist toward producing starting 
torque. This is one of the discrepancies which the designer must 
continually have in mind when he proportions the parts of the 
motor with a view of obtaining good starting conditions. 


STAR AND DELTA CONNECTION 


If the stator is wound for three-phase and each phase belt 
covers 60 electrical degrees—that is, if the winding is six-phase 
rather than three-phase—and the connections are star, then the 
low apparent reactance of one phase as compared with the others 
will not cause so much unbalance in currents as would be the 
case were the electromotive forces applied to each phase on each 
leg individually. For example, if the phase belt of one of the 
phases is between the poles and the other two phase belts are 
opposite the poles, the higher reactance of the latter two phases 
will influence the current in the first phase and prevent its 
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reaching so high a value as would be the case were the neutral 
point of the motor connected directly to the neutral point of the 
transformers or generator. This will cause the rotating field 
which is produced, to be more nearly constant in magnitude than 
would be the case were the phases very badly unbalanced by 
connecting to the neutral point, with the net result that starting 
conditions would be much better with star connection and three 
leads than would obtain with star connection and the neutral 
connected to the neutral of the source of supply. 

If the stator be delta-connected, then it would be possible for 
one phase belt lying between the poles to have comparatively 
small reactance and have the current in that portion reach a 
relatively high value. The currents in the other phases, due to 
the high reactances of their paths, would be low. The result 
of this bad unbalance would be poor starting conditions in some 
positions of the rotor and good starting conditions in others. 
It will be seen, therefore, that in general delta connection should, 
if possible, be avoided for self-starting synchronous motors, 
unless the machine be connected star during the starting period. 
Tests on a delta-connected stator bear out the statements made 
in reference to the large unbalance and great variations in torque. 

In general it is assumed that phase belts cover 60 electrical 
degrees. This, however, does not apply to real three-phase 
windings in which the phase belts cover 120 electrical degrees, 
such as are used in three-ring synchronous converters. In these, 
unless the pole enclosure be small, some of the conductors in 
each phase must be under portions of the poles, regardless of 
the relative positions of poles and armature. The unbalance, 
therefore, is by no means so great as with a six-phase wind- 
ing, delta-connected, and the starting conditions are much 
improved, due to a more uniform torque in the various positions. 
The writer has not investigated starting characteristics with 
this type of winding. 

In the calculations given in this paper no allowances have 
been made for the use of delta connection which may unbalance 
the phases so badly as to make the starting torque less than the 
power input to the stator minus the losses in the stator. For 
further discussion of this point, see ‘‘ Unbalance in Phases.” 


HIGHER HARMONICS 


As has frequently been noted, the higher harmonics in induc- 
tion motors may produce a rotating field in the opposite direction 
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to that of the fundamental and thus either materially reduce the 
starting torque or actually cause the rotor to revolve in the re- 
verse direction. They may also cause the rotor to reach a certain 
fraction of synchronous speed, at which point the higher har- 
monics may have such an influence as to prevent the rotor 
accelerating beyond that point. 

So far as could be determined, in all synchronous motors on 
which we have made tests we have not found any one in which 
the torque at the instant of starting was reduced by higher 
harmonics. In certain cases, however, when the fields were 
short-circuited, the motors refused to accelerate beyond half 
speed until their field circuits were opened. This may have been 
due to the effect of higher harmonics, but we are unprepared 
at the present time to say with certainty whether or not this 
was the cause of the reduction in torque at this point. One 
reason for believing that it may have been due to this cause 
is that the effect of the higher harmonics is practically 
eliminated if high resistance is introduced into the rotor circuit. 
With the fields short-circuited, the reactance is extremely 
high as compared with the resistance, so that the influence 
of the higher harmonics would be far greater than with the 
field circuit open. 


POLARITY AFTER COMING INTO SYNCHRONISM 


After the synchronous motor has been started from rest and 
locks into synchronism without any current in the field coils, 
the polarity of the poles in the rotor no longer reverses, inasmuch 
as the magnetomotive force is produced by currents in the stator 
and the resultant flux revolves synchronously with the rotor. 
There is, therefore, a possibility of the polarity being reversed 
by applying direct current after the motor has come into syn- 
chronism. The probability is just about as great that the polar- 
ity produced by the direct-current excitation will be the same 
as that which results after the motor locks into synchronism, as 
that the reverse condition will obtain. 

The magnetomotive force produced by the direct-current 
excitation in opposition to that produced by the alternating 
current in the stator will cause the flux to drop to zero for a 
moment and the torque to disappear instantaneously, with the 
result that the motor will slip a pole and then, the two magneto- 
motive forces being additive, the rotor will remain in this position 
with respect to the rotating field produced by the stator currents. 
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This will cause an instantaneous rush of current and may set 
up mechanical stresses which may be very objectionable, even 
though they last for a very short period. If the number of 
poles be large, the instantaneous increase in current and 
production of mechanical stresses will seldom be serious; if, on 
the other hand, the number of poles be small, this may be suffi- 
ciently objectionable to necessitate precautions being taken. The 
use of a reversing switch for the fields which, has been suggested 
the operator can manipulate in case the stator ammeter indicates 
a great rush of current at the instant the field switch is closed. 
It would of course be essential to use discharge resistance in 
conjunction with the field so as to permit rapid opening after 
the circuit has been closed. Another suggestion is to excite the 
fields slightly, shortly before the motor locks into synchronism. 
This not only insures the motor coming into step, but also 
increases the torque near synchronism. 


FIELD CONNECTIONS AT STARTING 


If the fields were short-circuited during starting, a current 
would flow in them which is nearly in quadrature with the volt- 
age which is induced in them. This will be at once apparent 
when one considers the fact that the fields have very high 
reactance as compared with their resistance. This current will 
have a decidedly detrimental effect upon the starting conditions, 
as large stator currents must flow to neutralize the magneto- 
motive forces of the currents in the field coils. These produce 
large drops in the stator coils and as a result the input to the 
stator would be much greater for the same starting torque. 
For this reason the fields should by no means be short-circuited 
at the instant of starting. 

The most favorable conditions, as far as current input for a 
given starting torque is concerned, would be obtained by placing 
in series with the field coils a non-inductive resistance which is 
equal in ohms to that of the reactance of the fields. This, 
however, is hardly to be recommended, as a rheostat of several 
hundred ohms, insulated for about double the induced voltage, 
would be required, and this would be very expensive and cum- 
bersome. . 

The best method is to leave the fields open, and if this is done 
the conditions are not much worse than by having in series 
with the fields a resistance equal to the reactance. The objection 
to this method is that the voltage induced in the rotor is so high 
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that it may cause the insulation to be punctured. If the fields 
are wound for 125 volts and insulated for 5000 volts, this voltage 
is seldom dangerous in this respect. 

When the fields are wound for 250-volt excitation or higher, 
the voltage induced with laminated pole structure may be pro- 
hibitively high and heavier insulation may be required on the 
rotor. With solid poles, however, the voltage induced in the 
rotor is very much less than with laminated poles, and even when 
fields are wound for 250 volts and insulated for 5000 volts they 
are perfectly safe during the starting period. A means for over- 
coming the danger of breakdown of insulation in synchronous 
converters with laminated poles has frequently been used and 
consists in using a field break-up switch which causes the various 
field coils to be disconnected from one another. 


EFFECT OF TEMPERATURE 


The currents which flow in the rotor circuit during the starting 
period cause the rotor conductors to heat considerably. The 
increase in temperature increases the resistance of the con- 
ducting paths, which in turn augments the losses. This in- 
crement in losses tends to increase the temperature, so that 
it is essential to take observations very rapidly in order to 
secure reliable results. This is quite noticeable in its effect 
upon torque, especially when the pole shoes are made of solid 
material, such as cast steel, which has a high temperature 
coefficient. 

Readings taken of the input to the stator when the poles 
were comparatively cold indicate, in general, a lower torque 
than that which would be obtained by means of a brake, prob- 
ably due to the fact that less time would be required to take 
input readings than to take brake readings. This is usually more 
noticeable when the torque is produced by eddy currents induced 
in solid metal than when the torque is secured by currents in 
copper bars in a laminated structure, because in the former the 
eddy currents aré confined to a very thin shell.and thus tend to 
produce excessive local heating in the solid structure; and, 
secondly, because the change in resistance with temperature is 
very great for steel or cast iron. 

The stator coil temperature is also increased while the static 
torque tests are being made, and this prevents our determining 
with accuracy the loss in the stator which should be deducted 


from. the stator input. 
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RESULTS OF TESTS 


Figs. 1 to 6 show the results of tests made on a three-phase 
generator with laminated poles and cast steel field ring and 
without armortisseur winding, to determine the relations of the 
various quantities when voltages were applied to the stator with 
the rotor statiorfary. These tests were made by the use of a 
brake, and the bearing friction was allowed for and added to the 
brake readings so as to obtain the total torque produced. 

The poles of this machine were so proportioned that the 
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Fic. 1—VARIATION OF DEVELOPED TORQUE WITH IMPRESSED E. M. F. 
Without fields 


reluctance of the flux path with a slot opposite the middle of the 
pole was less than that with a tooth opposite the middle of the 
pole. Since the rotor tends to move into the position of minimum 
reluctance, it follows that the torque for a given impressed 
electromotive force is greater with a tooth opposite the middle 
of the pole than with a slot opposite the middle of the pole. 
This is shown clearly in Fig. 1. 

In Fig. 2 the developed torque is plotted against the stator 
input minus the stator losses. It will be seen from these tests 
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that the torque in the maximum torque position is greater than 
the input to the rotor, whereas in the minimum torque position 
it is less, so that the average is very nearly equal to the rotor 
input. It will also be observed that the torque is proportional 
to the rotor input in the minimum torque position, whereas it 
rises more rapidly than the rotor input in the maximum torque 
position. This is believed to be due to the incremental torque 
caused by the magnetic pull brought about by the tendency of 
the rotor to move into the position of minimum reluctance. It 
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may also be affected by the temperature rise of the solid field 
ring, which became very hot while making the tests. 

In Fig. 3 the equivalent of the rotor input is plotted against 
the resistance which was connected in series with the rotor 
circuit. The fields were wound for 120 volts direct-current 
excitation and were connected two-circuit during this test so 
as to reduce as much as possible the resistance which was re- 
quired. It will be seen from this how very undesirable it is to 
have the fields short-circuited. 


544 FECHHEIMER: SYNCHRONOUS MOTORS [April 25 


In Fig. 4 are plotted additional curves with resistance in 
series with the field circuit, which indicate that for a certain 
resistance (which is nearly equal to the reactance of the rotor) 
the maximum loss in the field circuit is obtained. This should 
also give, from a theoretical point of view, the maximum starting 
torque. However, it will be seen that this differs very little 
from that which would be obtained by leaving the field circuit 
open. 
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Fic. 3—VARIATION OF ROTOR INPUT WITH RESISTANCE IN FIELD CIRCUIT 
Fields connected two-circuit during tests; no dampers nor metal 
collars 


In Fig. 5 the marked effect of the resistance in the rotor circuit 
upon the power factor is illustrated, and it will be observed how 
great is the influence of the power factor upon the starting 
characteristics. On the same curve sheet the stator input in 
current is shown, which indicates that the current decreases 
slightly with increased resistance, and thus we have obtained 
for a given impressed electromotive force, not only an increase 
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in torque, but a decrease in stator current as well, by increasing 
the non-inductive resistance in the rotor circuit. 

In order to complete the experiments, tests were also made 
with copper bars through the heads of the poles and with metal 
collars between the field coils and the pole heads. The results 

_of these tests are shown in Fig. 6. Even with these circuits the 
curves show that the extent of the resistance in series with the 
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Fic. 4—VARIATION OF Rotor J? R Loss AND TORQUE WITH RESISTANCE 
IN FIELD CIRCUIT 
Fields connected two-circuit 


field winding has a marked effect upon the starting character- 
istics. 

The curves in Figs. 1 to 5, inclusive, also show clearly the effect 
of frequency upon the starting characteristics of synchronous 
motors. They illustrate that, although the torque is greatly 
increased for a given impressed electromotive force at the lower 
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frequency, this is the result of the increase in mutual flux and the 
gain in power factor due to the reduction in the counter electro- 
motive force of self-induction, the resistance remaining constant. 


Motors DurING ACCELERATION 


It has often been believed that if a synchronous motor is 
capable of breaking loose from rest, it will have little difficulty 
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Fic. 5—VARIATION OF POWER FACTOR AND STATOR CURRENT 
With resistance in field circuit 


in reaching synchronism. This, however, will depend upon the 
nature of the load, and in order to determine the characteristics 
of the synchronous motor during acceleration, speed-torque 
curves were taken of a large generator used as a motor, which 
was provided with laminated poles, amortisseur winding and 
cast iron field ring. The curves were also taken on a small, high- 
speed, 60-cycle generator with solid cast steel rotor. In each 
case the synchronous machine was operated as a motor from a 
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three-phase circuit and was belted to a direct-current gen- 
erator, which was loaded by allowing it to force current back 
into the direct-current source of supply. The speed was set 
by adjusting the field strength of the direct-current generator. 
The electromotive force at the terminals of the stator of the 
synchronous machine was then raised to as high a value as was 
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considered permissible, which in turn caused the synchronous 
machine to increase slightly in speed, this being finally fixed by 
the amount of power which it was capable of exerting. 

The power input to the synchronous machine was measured 
by means of wattmeters and the power output of the direct- 
current generator was determined by means of voltmeter and 
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ammeter in the usual way. Loss curves were taken, which 
enabled us to bring in the losses in the direct-current generator, 
as well as those due to bearing friction and windage in the 
synchronous machine, and allowance was made for the belt loss 
between the motor and the generator. 

Fig. 7 shows the characteristic curves taken on the first 
synchronous machine with rotor short-circuited and with 
amortisseur winding. Fig. 8 shows the characteristics during 
acceleration with the amortisseur winding and open-circuited 
fields. Fig. 9 gives the results obtained with amortisseur wind- 


= 


hho K' 
; 3) 
S-§ 


0 


E 


&—TORQUE-IN-SY.NCHR 


S 


OTOR.AMPERES PER 1000 VOLTS.IMPRESSED 


| 
oot 


PRESSED 


2 
diet 
_ 


iTS IMPRESSED 


‘OLTS IM 
s 
FACTO 


° 

= a 

[5 20/5 -5W0-g 

2 te 
1003 £40/5 400-2 20 

C0) Tics als 
5-30} —800 24} 


ae Pu; 
iu P 
8 


10 20 30 40 50 60 70 80 90 
SPEED IN % OF SYNCHRONISM 


Fic. 7—CHARACTERISTICS OF SYNCHRONOUS MorTors DuRING 
ACCELERATION 
Fields short-circuited with amortisseur winding; laminated poles; 
solid field ring 


ing removed and the field circuit opened. These curves indicate 
the marked effect of the amortisseur winding in producing torque. 

In Fig. 10 are given curves of the solid pole machine without 
amortisseur winding and with the fields open. All of these 
curves show how greatly the torque is reduced just before syn- 
chronism is reached. In order to increase the torque near 
synchronism, it was found that the application of a small 
amount of direct current in the rotor will more distinctly 
define the poles and assist materially in causing the rotor 
to lock into synchronism. This is greatly dependentYupon 
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the excitation applied, and for this reason readings were 
taken on the solid pole machine with direct current in the fields. 
The direct current is not the total current which flows in the 
fields, but is that current which flows when no electromotive 
force is impressed upon the stator. As soon as there is electro- 
motive force induced by transformer action in the field coils, 
alternating current flows through the exciter armature and is 
superimposed upon the direct current which is forced to flow. 
For example, in one of the curves shown in Fig. 11, the direct 
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Fic. 8—CHARACTERISTICS OF SYNCHRONOUS MorToRS DURING 


ACCELERATION 
Open-circuit fields with amortisseur winding; laminated poles; 
solid field ring 


current is indicated as 2.85 amperes, whereas the total current 


in the rotor circuit was approximately 6 amperes. 

In Fig. 12 is given the effect of speed upon the power factor 
and volt-ampere input with direct current in the fields. 

Fig. 13 shows the effect of variation of exciting current upon 


the torque, kilowatt input and power factor at 90 per cent of 


synchronism in the same machine. are 
The writer has not thoroughly investigated the characteristics 


of synchronous motors near synchronous speed. It would 
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appear, however, from the tests which have been made, that the 
following may be deduced: 

1. There is a critical direct-current excitation which produces 
a maximum torque at a definite speed. 

2. For best conditions, the exciting current should be increased 
as the motor accelerates. 

3. An increase in exciting current increases the volt-ampere 
input to the stator. 

‘The writer would explain the phenomenon of dropping off 
in torque as synchronism is approached, as follows: 
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Fic. 9—CHARACTERISTICS OF SYNCHRONOUS Motors DuRING 
ACCELERATION 

Open-circuit fields without amortisseur windings; laminated poles; 
solid field ring 


In general, in the synchronous motor at any speed the fre- 
quency of the rotor currents is equal to the stator frequency 
minus the frequency of rotation. As the motor speeds up, the 
rotor frequency diminishes and the electromotive force induced 
in the rotor conductors decreases with the corresponding dimi- 
nution in rotor reactance. Up to about 80 per cent of synchronism 
the rotor currents are not much affected by the change in fre- 
quency, due to the lowering of the reactance with the correspond- 
ing reduction in induced electromotive force. As synchronism 
is neared, however, the influence of the lowering of the rotor 
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frequency becomes more and more noticeable, in that the volt- 
ampere input drops off considerably and the currents which 
flow in the rotor circuit are too small to exert much torque. 
(See rotor amperes curve, Fig. 7.) 

When within a few per cent of synchronism, currents in the 
stator produce magnetomotive forces, which, combined with the 
hysteresis effect in the rotor itself, tend to prevent the polarity 
reversing and cause the rotor to lock into synchronism. After 
the motor has reached synchronous speed, it will run as a syn- 
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Fic. 10—CHARACTERISTICS OF SYNCHRONOUS Motors DuRING 
ACCELERATION 
‘Solid poles; fields open 


chronous motor, even though there be no excitation in the rotor 
circuit. The magnetomotive force is then obtained from currents 
in the stator conductors. Flux is produced by this magneto- 
motive force and rotates at synchronous speed. Due to the fact 
that the poles are so clearly defined, the polarity of them remains 
fixed and the motor continues to operate in synchronism with 
the generator which supplies it with power, and will pull a certain 
amount of load under these conditions. The effect, then, of 
exciting the fields with direct current, is to define the poles more 
clearly, preventing the polarity from reversing and assisting 
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materially in causing the rotor to lock into synchronism. The 
cause of diminution of power factor near synchronous speed is 
believed to be due to the great amount of exciting current, which 
becomes a very large percentage at this point. 


DRIVING OF FANS AND PUMPS 


In starting a fan, the power required to drive it increases 
approximately as the cube of the speed, and the torque as the 
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Fic. 11—SPEED-ToRQUE CURVES 
With solid poles 


square of the speed. A very small torque is required to start 
the fan—only sufficient to break it loose from rest and overcome 
the bearing friction. As it approaches synchronism, however, 
a large amount of power is required. 

In the case of a centrifugal pump, it is generally claimed that 
it is dangerous to start unless the pump is full of water, as other- 
wise, with the small clearances which are needed to obtain high 
efficiencies, the pump would heat to such an extent as to cause 
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the rotating and stationary members to come into contact and 
destroy each other. It is also claimed that in order that the 
pump may begin operating, it should be primed during accel- 
eration. 

There is a diversity of opinion among centrifugal pump manu- 
facturers as to the amount of torque which is required to rotate 
the moving element at synchronous speed with the pump full 
of water, and the outlet valve closed. The power under such 
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Fic. 12—ErFrect or VARYING SPEED ON Ky-a. INPUT AND POWER FACTOR 
Solid poles 
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conditions would be absorbed in heating the water, but as this 


is for a short period it seldom does any harm. 

According to the information which it has been possible for 
the writer to obtain, this torque varies from 35 per cent to 100 
per cent of the torque required to operate the pump under normal 
conditions. In general a synchronous motor should not be 
counted upon to exert large torque near synchronism, although 
if direct current is supplied to the rotor, as described under 
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“Motors During Acceleration,’’ the torque near synchronism 
can be considerably augmented. Even so, the motor will pull 
into synchronism only by drawing a large amount of current 
from the line. and may overheat when it is used to drive a pump 
or a fan, due to the great quantity of power and current required 
as synchronism is approached. Sufficient tests have not been 
made to enable any definite statement to be made in regard to 
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Solid poles 


this, and it is believed that a careful investigation of this subject 
would be productive of fruitful results. 

The above is based upon the assumption that the motor is 
direct-connected or belted to the fan or pump. Conditions are 
entirely different, of course, if a clutch be used. 


STARTING OF Motor-GENERATOR SETS 


The torque required to start up a motor-generator set can 
be easily determined by allowing for the static friction in the 
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journals at the instant of starting. From a number of tests 
which have been made to determine the value of the coefficient 
of friction when all the oil had been allowed to run out of the 
journals, it has been found that this factor has a minimum value 
of 0.2 and seldom exceeds 0.3. Therefore, if we allow 0.3 for 
the static coefficient of bearing friction, it should be safe in 
determining the torque required to break the set loose from rest. 
The following formula will then give the starting torque, where 
M equals the coefficient of friction, D equals the average shaft 
diameter in the bearings in inches, W equals the weight in pounds 
of the complete revolving element, rev. per min. is the revolu- 
tions per minute at synchronous speed, and P equals torque - 
expressed in synchronous kilowatts required to start the set. 


P _ 0.746 uw W wD (rev. per min.) _ KW D (rev. per min.) 
- 12 X 33,000 + 169,000 


GENERAL LAWS TO BE DEDUCED 


For perfectly stable conditions, from the tests which have 
been made, we can usually consider, other things being equal, 
that the following are approximately correct: 

1. The starting torque varies as the square of the impressed 
voltage. 

2. The current varies as the first power of the voltage.* 

3. The volt-ampere input varies as the square of the voltage.* 

4. The power input varies as the square of the impressed 
voltage. 

5. The power factor is independent of the impressed voltage. 

6. The voltage induced in the rotor circuit is proportional to 
the first power of the impressed voltage. 

7. The total loss in the rotor circuit is a reasonably exact 
measure of the torque developed. 


DETERMINATION OF STARTING TORQUE WITH SOLID POLES 


The current which flows in the stator of a synchronous motor 
when a polyphase electromotive force is applied to it, is equal to 
that voltage divided by the impedance. This impedance, with 
the motor stationary, consists chiefly of reactance, which 
appears in both the stator and the rotor. If we were to measure 


*Due to saturation of the paths of leakage flux, as well as to increase 
in resistance with temperature, the current does not necessarily vary as 
the first power of the voltage. The effect of saturation of leakage 
paths is especially noticeable with solid poles. 
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the reactance of the stator with the rotor out, using a single- 
phase current applied between neutral and terminal, in the case 
of a three-phase machine, and applied to one of the phases in 
the case of a two-phase machine, we would find that with the 
rotor in, the current which flows bears a nearly definite relation 
to the electromotive force divided by the reactance which is 
measured with the rotor removed. Hence this at once gives us 
the means for determining from experiment what the kilovolt- 
ampere input will be with the rotor stationary, provided we know 
the stator reactance. 
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Fic. 14—Kw., Kv-a. INpPuT AND POWER FACTOR AS A 
FUNCTION OF REACTANCE 


In Fig. 14 are shown the forms of the curves obtained by 
plotting the kilovolt-ampere input against percentage reactance 
for solid pole machines. It will be seen that if the reactance 
is doubled, the kilovolt-ampere input is reduced to one-half. 
In other words, it has been found that this curve approximates 
an equilateral hyperbola. 

It is not exactly correct to plot the power factor of the incoming 
current against the percentage reactance, since, if the rating 
of the machine were changed, the percentage reactance would 
be correspondingly altered while the power factor would not be 
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affected. Nevertheless, the machines from which the points 
for power factor were plotted were designed on similar lines and 
they gave a reasonably smooth curve. It is evident that the 
power input to the stator is the power factor multiplied by the 
volt-ampere input, so that we obtain the power input curve by 
multiplying the ordinates of the other two curves. This gives 
us a very rapid and quite accurate means of predicting the 
current and power which is taken in by a synchronous motor 
at the instant of starting, if we know the reactance. The 
starting torque is then obtained directly by deducting the 
losses in the stator from the power input. 

These curves are plotted from tests made on two- and three- 
phase, 25- and 60- cycle motors with solid steel poles. It appears 
that for a given percentage reactance, the difference in number 
of phases and in frequency has little influence. 

These curves are intended to apply to the input with normal 
voltage impressed upon the stator. If this voltage is reduced by 
means of an auto-transformer, the power and volt-ampere input 
are reduced in proportion to the square of the voltage, whereas 
the power factor remains the same. 

These curves have been obtained from machines in which the 
field circuit was opened at the instant of starting. 

In order to predict the reactance of the stator, a formula for 
this has been derived, which appears in the appendix and is 
repeated here, as follows: 


Het oseip a S/N i \( 3 a di, ds 


108 4 180°) L8W. | OW; 
2 d3 ae wr W; ) 
Spa Se tog (1 
ee) | ee ose ) ane 
+2 logue (1 + syw,) | +0450 ayy a) 


For the meaning of the symbols given in this equation, see 
‘“‘ Notation,” pages 559-561. 


DETERMINATION OF STARTING CHARACTERISTICS WITH LAM- 
INATED POLES AND AMORTISSEUR WINDING 
The losses which appear in the stationary rotor of a syn- 
chronous motor when the field circuit is open and polyphase 
electromotive forces are applied to the stator, are: 
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1. Losses due to eddy currents in field ring, end plates, 
rivets, etc. 

2. Losses in the rotor bars. 

3. Losses in the end rings of the amortisseur winding. 

4. Losses due to circulating currents in the metal collars 
surrounding the poles near the heads, if collars are used. 

5. Losses due to currents in the short-circuited end turns of 
the field coils. 

6. Losses due to contact resistance. 

7. Losses due to a pulsating component of flux, not pro- 
ductive of torque. 

In the following treatment the first three of these only are 
considered. To bring into the equations the losses due to cir- 
culating currents in the collars would cause them to be very 
involved, and as most synchronous motors with amortisseur 
windings do not have collars on the rotors, it was deemed best 
to omit the effect of current in them upon the starting char- 
acteristics. 

The losses due to currents in the end turns of the field coils 
are comparable with those in the collars. These losses may 
reach such magnitude as to cause great local heating, especially 
if the field coils are made of wire. It is best, therefore, to avoid 
short-circuiting the end-turns, and to hold them securely by some 
other means. As far as the detrimental effects upon the starting 
characteristics are concerned, however, it should be borne in 
mind that with but one turn at each end of the coil short- 
circuited upon itself, the magnitude of its resistance is com- 
parable with that of its reactance, whereas this does not hold 
with the entire coil short-circuited, as the resistance is propor- 
tional to the first power, and the reactance to the square, of the 
number of turns. 

The losses due to contact resistance are discussed under 
“Notes on Determination of Starting Characteristics with 
Laminated Poles.”’ 

The losses in the rotor which are not productive of torque 
are very difficult to compute. For further discussion of this, 
see ‘‘ Unbalance in Phases,’’ and ‘‘ Star and Delta Connections.” 

Of the first three losses enumerated above, those due to eddy 
currents are discussed under ‘‘ Notes on Determination of Start- 
ing Characteristics with Laminated Poles.’’ The writer has had 
the opportunity to investigate one case only and found this 
loss to be about 30 per cent of the total rotor loss. 
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It is first necessary to know how much starting torque is 
required, and this should include the torque required to over- 
come the static bearing friction of the motor. All torques and 
losses should be expressed in synchronous watts (or simply 
watts). From this total loss, the eddy current loss Pe should 
be deducted. This then leaves the losses in the bars, P,, and end 
rings, Pe.r. 


NOTATION 


a@ = number of active conductors per slot = number of 
conductors per slot divided by number of parallel 
circuits in armature. 

A.T. = ampere-turns per pole required to force flux ¢ through 
magnetic circuit of one pole. 

6 = number of rotor bars per pole. 

bs = opening at top of slot (for stator or rotor as case may be). 

C = Carter fringing coefficient, from curve, Fig. 19. 

d, = total depth of conductor in slot (for stator or rotor as 
case may be). 

d, = depth of slot between top of conductor and top of 

parallel sides. 

d3; = depth of variable width portion of slot (for partly 
closed slot only). 

d, = depth of parallel sides of slot opening (for partly closed 
- slot only). 

Dey. = average diameter of end ring. 

E = impressed electromotive force per phase or per leg if 
star-connected. 

F, = stator equivalent of electromotive force consumed by 
rotor bar and end ring resistance. 

FE, = stator equivalent of electromotive force consumed by 
rotor bar and end ring reactance. 

E; = stator equivalent of electromotive force consumed by 
rotor impedance. 

E, = electromotive force consumed by stator reactance. 

E,; = electromotive force consumed by stator resistance. 

E, = electromotive force induced in field coils. 

E,, = electromotive force consumed by rotor bar and end 
ring resistance. 

E,, = electromotive force consumed by rotor bar and end 
ring reactance. 

F, = sectional area of one rotor bar. 
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Fe.r. = sectional area of end ring. 
F, = sectional area of one stator conductor. 


h 
Ys 


DL, Ly 


linear distance between adjacent rotor bars in same pole. 

effective value of stator current per phase. 

r.m.s. value of current per rotor bar. . 

magnetizing current per phase corresponding to A.T. 

stator equivalent, in amperes per phase, of current in 
rotor bars. 

a/ == ty 

distribution factor =ratio of vector to algebraic sum of 
electromotive forces in stator conductors in one 
phase or leg. 

constant for computing losses in end rings. 


etc. = inductances. 
m = ratio of vector to arithmetical sum of currents in rotor 


bars in one-half pole. 
5 


M = short pitch factor for use with reactance = for 


8 


three-phase and 2 for two-phase and single-phase. 


M.T. = mean turn of stator coil. 


Peg. 


number of phases. 

number of turns per coil in fields. 

total number of stator slots. 

number of poles. 

short pitch factor = decrease in electromotive force 


due to fractional pitch = cos os 


watts lost by resistance of rotor bars. 

watts lost by eddy current in field ring and other solid 
portions. 

watts lost by resistance of end rings. 

resistance of one rotor bar. 

resistance of one phase of stator winding. 

number of stator slots per pole per phase. 

ratio of transformation of voltage. 

polar arc. 

weight per unit volume of material in rotor bars. 

weight per unit volume of material in end rings. 

watts per unit weight in rotor bars. 

watts per unit weight in end rings. 


19121 


Ws 


u] 
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width of main portion of rectangular slot for stator or 
rotor as case may be. 

width of stator tooth at inner periphery of stator. 

reactance of one rotor bar. 

stator end connection reactance. 

reactance per leg of stator. 

stator slot reactance. 

tooth tip reactance. 

zigzag reactance. 

angle of lag of eddy. currents in rotor behind electro- 
motive force induced in rotor bars. 

electrical angle that coils are dropped back of full pitch. 

angle between stator equivalent of rotor bar current J; 
and total current J. 

angle between stator current J and stator equivalent 
of rotor impedance electromotive force (£3). 

radial length of air gap. 

angle of lag of total stator current behind the impressed 
electromotive force = angle whose cosine is power 
factor. 

average slot pitch. 

axial effective length of rotor bar in pole only. 

axial effective length of rotor bar between end rings. 

axial gross length of stator iron. 

resistance of unit cube of material in rotor bars. 

resistance of unit cube of material in end rings. 

resistance of unit cube of material in stator coils. 

field ring leakage factor = ratio of mutual flux linking 
with rotor bars to mutual flux entering field ring. 

field coil leakage factor = ratio of mutual flux linking 
with rotor bars to average mutual flux linking with 
field coils. 

pole pitch, at average end ring diameter. 

pole pitch, at inner periphery of stator. 

useful (or mutual) flux per pole linking with rotor bars. 

leakage lines per ampere per unit length of end con- 
nections, from Fig. 18. 

angle of lag of current in rotor bars behind electro- 
motive force induced therein. 

electrical angle between adjacent rotor bars in same 
pole. In appendix w = electrical angle between cur- 
rents in adjacent phases. 

frequency, cycles per second. 
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DERIVATION OF FORMULAS FOR AMORTISSEUR WINDING AND 
LAMINATED POLES 


The leakage reactance of each rotor slot, if round slots are 
used, is 


ate 
eat Ae Be (0.62 + #) (2) 


If the slots are rectangular in section, 


Xp 


ee ( dy dy 2 dz 2 d, ) 
peas Acre SS a 


108 3Ws W; a W;+5bs; (3) 


For the leakage of the end ring see ‘‘ Notes on Determination 
of Starting Characteristics with Laminated Poles.” 


es 
' 


WN 


Fic. 15 


The resistance of each rotor bar is 


Fy @) 


Prp= IP Ri pb (5) 
Py = Ty p2eeke (6) 
b 


In order to calculate the losses in the end rings we shall break 
the rings into two portions: those portions of the rings between 
the first and last bars of the same poles, and those portions be- 

*Ifinches are used throughout, substitute 3.19 for 0.4 7. The derivation 


of the equation for the round slot will be found in the appendix. The 
other equation for rectangular slot is well known. 
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tween the nearest bars of adjacent poles. If all the currents are 
in phase with one another, the former of these losses is: 


(Per.)1 = 4p 


ee ak (7) 
where K is a constant depending upon the number of bars per 
pole (b). See Fig. 15. If there are but two bars per pole, there 
is no current in the rings between the bars except that due 
to phase difference between the electromotive forces induced 
in the bars, which for the present we shall neglect. Ifthe number 
of bars per pole be three, then the current from the middle bar 
we assume to divide equally, one-half flowing in each direction. 
Calculating from the center of the poles and in one ring only, the 
loss between bars with three bars per pole is proportional to 


T\t 
( 3) = 0.25 Iv. See Fig. 15. 


Similarly for 6 = 4, the losses are proportional to (1 Jy)? = I,?. 
For five bars per pole, we have 


TNs ae . 
( ; y+ ( 5) = 2.5 Tet ete, 


The following series has been found to hold for any value of b. 
b 2 b 2 Oo ie iF ob y 
k= ($-1/+($-2) +6 Nee) 


(e — 4) for b = even. (8) 


and 
b 2 b )’ 1D i. )’ e A il 
K = 1) @ 2) + ( oa) + (5-4) + 
2) 
Ba 4 x) biodde 49 
ie (5 9 for b = odd. (9) 
Or, tabulating, we obtain: 
NuMBER OF BARS PER POLE The 
a ees srr i ntigs yee seats voane « 0 
cam att ele, Neve eA REI Miles EI arate eS 0.25 
Me Sie oe 0 citi asa Soe ak 0 1.00 
ENE PN ecntne ini use De aele wh iecents 2.50 
I ei Moh, iets nine we v's pot end 5.00 
ie cto im oan 8.75 
Fes ete a eR Rk ira bas, rie Sit eres. ts 14.00 
SOM I cc en Sig acs wos ole gia walelite hy wo 21.00 
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Equation (7) is only approximately correct, as the assumption 
is made that the currents in the several bars are in phase with 
each other, so that the vector sum would be less than the arith- 
metical sum. This discrepancy is offset, however, by the fact 
that no account is taken of the losses in the rings due to circu- 
lating currents between bars in the same pole resulting from a 
difference in phase between the currents in them. 

The loss in the rings between the nearest bars of adjacent 
poles is given by 


— We = _ Pere 2 
(Pe.r.)s [r — (b 1) h]2p ran Ie (10) 
But 
ler. = ae m (11) 


where m is the ratio of the vector sum to the arithmetical sum 
of currents in bars in one-half of each pole. The following table 
gives values of m. 


Number of bars per pole ree, oe 
2 1 
be Ta Se a 
3 ——V1.25 +cos w 
1.5 
w 
4 cos — 
1 ee a ae eee a 
5 : oy Y 25 +3 cos w +cos2a 
‘ 1+2cosw 
3 
1 eee a 
7 ree V‘3.25 +5 cos w +3 cos 2w +083 w 
i 1 wo 3 > 
8 . _— (cos —- + cos ) 
2 2 2 
l ; 
9 rere +7 cosw+5 cos 2w+3cos3 w+cos4w 
0 1+2 cos w +2 cos2 w 


In the above ‘“‘w"’ is the electrical angle between adjacent bars in the same pole. 


Then 


Der. 6b? 14? m? 


(Pe.r.)2 = [r — (6 — 1) h] p os 5 


(12) 
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Combining equations (7) and (12) we have 


Per. = (Pe.r.): + (Per.)2 = p Ae Ty? | 4h K 


7 = (6 — 1) hb) 6? 


4 5 t (13) 


and the total loss in the bars and rings is 
ee, ae 
ae Ty? 1 sn 7 ue Ae 


Ee. 
+ pbIPR, (14) 


The current per bar is then 


oe eee es ; 
at hao 2 om? (15) 
V yon 2 [snr 


The above equation enables one to determine the current per 
bar if the proportions in the amortisseur winding are known. 
If we are to decide upon them, however, we may use the follow- 
ing method: 

We may allow a certain number of watts per unit weight of 
material in the rings and bars, these being fixed by the permissible 
temperature rise of these parts at starting and the duration of 
the starting period. With this in view, we have: 


Weight, bars = w,b Fy Xo’ p (16) 
Weight, rings = 2w,..,. w De.r. Fe.r. (17) 


Loss per unit weight in bars = 


Iv pb por’ _ Iv po _- 18 
wy, b Fy? dy’ p wy Fy? Ws Oe) 


Loss per unit weight in rings = 


[r—(b—1) fA] cue} 
2 


PD per Is? | 4hK+ 


PET en a lee =We.r. (19) 


Solving these equations for F, and Fe.r., we obtain 


Ae (20) 


Wp W> 


566 FECHHEIMER: SYNCHRONOUS MOTORS [April 25 


_ |b per EEK FE —-O-DMPw 
Fer. = Iva] 2 wer. w De.r. We.r. (21) 


Substituting these values for F, and Fe.r. and the value of 
R, from equation (4) in equation (14), we obtain, after simpli- 
fying, 

Per.+Pe=l[V p per. {44K +3[t-(0-1)h] b?m?} 2u,.r.0 De.r. We.r. 
+ pbrh’ Vw, W, Pb (22) 


hal (hy = 
NS ae ay 
ae pan {4hK+3 LT- (b—-1) h]b? m2} 6.28we.r. Der Wer. + pb’ V we Wopo 
(23) 


This last equation enables us to determine at once the current 
per bar without knowing their sections. These may be found 
by substituting in equations (20) and (21) after finding J). 

The resistance drop in each baris = I, Ry (24) 
and 


eS o- ee ee on 
Re Em Hon Ry (25) 


hence 


Ri (Phe tati Phew Paton Ps 


ae. SR bie i de Meee DLs 


(26) 
Taking the ratio of transformation of voltages to be the ratio 


of voltage per leg in the stator to the corresponding voltage in 
one bar in the rotor, we have: 


t=aSk pp (27) 
and £, = tEn (28) 
Ry a thy = i Xa Is (29) 
E3 = VE? + E? (80) 


In equation (29) X, should be increased above rotor bar 
reactance so as to include end ring reactance if Je) latter be of 
sufficient magnitude. 

A better understanding of the manner in which the losses due 
to eddy currents Pe are brought in, may be obtained by referring 
to Fig. 16. This illustrates, for simplicity, a hedgehog trans- 
former with a large amount of leakage. The primary winding 
A corresponds to the stator winding of the synchronous motor; 
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the secondary winding B corresponds to the amortisseur winding 
of the synchronous motor; and the secondary winding C cor- 
responds to the eddy current paths in the field ring, rivets, etc. 
If we consider the electromotive forces induced by the rate of 
change of fluxes produced by the exciting magnetomotive force, 
we see that the electromotive force per turn induced in Cis smaller 
than that induced in B and also smaller than the counter electro- 
motive force induced in A. Nevertheless all three electromotive 
forces are in time phase with one another. A certain portion 
of the main primary flux ¢, links with all turns; a second por- 
tion ¢2 links with A and B but not with C; and a third portion 
3 links only with A. Similarly there are leakage fluxes 
(4, P; and @,) due to secondary currents which link only with the 
secondary and not with the primary circuits. We have seen that 
the equivalent electromotive force induced in B (the amortis- 


Y Ltt 
ma 
WSs 


WSAZSZSZI 
| Fea eV 


Fic. 16 


seur winding) is given by E3. The equivalent electromotive 


— 


i 
force induced in the solid portions (in stator terms) is ra 


where o is the leakage factor representing the leakage flux 
between poles. The value of the various eddy currents equals 
their electromotive forces divided by their impedances, and they 
lag behind their pressures by an angle whose tangent is their re- 


xX 
R ), Hence, 


actance divided by their resistance ( or a= tan-? 


if Iz is the equivalent stator current of the summation of eddy 


currents, we have: 
nN Es 


Pe = Iz cos a (31) 
Co 
ped Pes (32) 


n E3 COS a@ 
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For the determination of Pe, o and cos a see “ Notes on 
Determination of Starting Characteristics with Laminated 
Poles.”’ ; 

The stator equivalent of the rotor bar current 1s 


b I 


= 33 
ae (33) 
¢ 
Fic. 17 
And the magnetizing current is 
Peeper, bay ira V24T 

nS 7 aS (34) 

——- nas 

2X2 


In this equation A.T. can be computed in the ordinary way 
for determining the ampere-turns required to force flux corres- 
ponding to £3; across the single air gap. The voltage induced in 
the field coils is 

_4449NpP~ 


*This equation, while slightly in error, is the same as is used frequently 
for computing the armature reaction. It appears, in Berg's ‘‘ Electrical 
Energy,’’ and in other works. 
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and since 


2226.0 Shibp p~ . 2.22 


a er 108 AT =o) 


(See equation (27) for value of #) 


2Np 


Er = ; 
ot 


E; (37) 


The resistance per lag of the stator is 


Dee Psy (Al. yars 
R= 2 F, (38) 
And the leakage reactance is 
of) Ly MS B = Cpe Ody 
ies 108 (= 180° C Tete eas IE ae 


d, 0.425 u (WitCW,) is) «Wi; 
Te Oe ae +(1 Sa [ 1oxie(14-5 y+ 


TW, MT; 
2 logio (O+spam)|)+o4se(7 a7 _9)t (39) 
It will be seen that 


Fe Rol (40) 
and 
E,=X;sI (41) 


We are now prepared to combine the various quantities for 
the determination of the electromotive force, current and power 
supplied to the motor. Counter-clockwise rotation of vectors 
will be considered positive. See Fig. 17. 


tIf the inch system be used, this should be 20. instead of 7.9. 


§mM == for six-phase winding connected for three-phase; and is 


4 for four-phase winding connected for two-phase. $8 = angle dropped 


back from full pitch; for example, if there be 12 slots per pole, and pitch 
2X 180° 


12 = 30°. For derivation see appendix. 


of slot 1 to slot 11, 8 = 


570 FECHHEIMER: SYNCHRONOUS MOTORS [April 25 


Take J, as zero vector. In phase with J; is the stator equiv- 
alent of the rotor bar resistance drop, #;. Leading J; by 90 degrees 
is the stator equivalent of the rotor bar reactance drop E2, which 
combined with £; gives £3. Lagging behind EZ; by 90 degrees (that 
is, leading the induced secondary voltage by 90 degrees) is the 
flux ¢. In phase with @¢ is the magnetizing current Jo. Lagging 
behind FE; by angle a is Jz, The angle which E; makes with 
Pyis a. Thats: 

E 


2 
= tan“! — 42 
u = (42) 
The angle between J, and J, is (# — qa), and 
I, = In cos (W — a) + j In sin (% — a) (43) 
1.0 = ae ee 4 
m) . . 
28 
7 4 4 
= 
Scie 6 
Sot | 
a2 5 = jhe 
eo 
Sa: 4 = bs 
au a] 
AZ 
st 
ez 2 a! 
a 
0 0 
5 10 15 20 2 30 95 40 45 2 4.6 8. 10' B jteu 
COIL PITCH IN CENTIMETERS SLOT + GAP. 
Fic. 18—Enp CONNECTION Fic. 19—‘‘ CARTER ’’ FRINGING 
LEAKAGE COEFFICIENT 


The angle between J) and J; is (90° — W) so that 
In = I cos (90° — &) — jf Ip sin (90° — b) = Ip sin b — 


j1Iyn cos h (44) 
The total stator current taken vectorially is 
ioscan bie Ip + Io (45) 
I = [Ii + In cos (¥ — a) + In sin $] +7 [2 sin (& — a) — 
Io Cos db] (46) 
or 


I=V (+12 cos (b—a) +1y sin &)?+ (Igsin (b—a@) —Io cos p)? 
(47) 
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The angle between J and J, is given by 


I, sin (@ — a) — Incos # 


Tho eg I, + Is cos (~ — a) + Iosin (48) 
Knowing Y we may find 
Uo eat (49) 
Taking I as zero vector, we have 
Es = F3;cosd0 +7 E3sin 0 (50) 


In phase with J is the stator resistance drop f. = R,7,and 
leading I by 90 degrees is the stator inductive drop X51; Com- 
bining E3, E; and EZ, we obtain the impressed voltage per phase: 


A= &,+£,+ E,= E;cosd+E,+jE;sind + E, (61) 


or 


E = V(E3cosd + £,)? + (Essin 0 + E,)? (52) 
The power factor at the stator terminals is 


pe #ssind+ #, 


tg = 
cos 0 = cos ta Ere in: (53) 
The kilovolt-ampere input is 
aewews 
eee cea 1000 ey 
The kilowatts input is 
n E I cos 6 


Notes ON DETERMINATION OF STARTING CHARACTERISTICS 
WITH LAMINATED POLES 

While the theory given above covers a more or less ideal case, 
the engineer using such equations should bear in mind that actual 
conditions must always be different from those of computation. 
For example, the assumption is made that the frequency of the 
currents in the rotor is the same as the line frequency. Un- 
doubtedly the departure from a sinusoidal distribution of flux 
will cause the wave form of currents induced to depart con- 
siderably from that of a sine wave and there are introduced 
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frequencies other than the fundamental. No tests have been 
made to determine this wave form, although undoubtedly the 
volts consumed by reactance must be greatly influenced by the 
value of this frequency. 

Another source of error is the effect of the contact resistance 
between the bars and the rings, which may be a large per- 
centage of the total resistance of the rotor circuit. It is quite 
conceivable to have bars in large machines carrying 5000 amperes 
in which the drop at a poorly made contact would be a consider- 
able percentage of the total with this amount of current. To 
insure against having the large contact resistance, it might be 
advisable to solder the joint. However, due to the difficulties 
which would appear in case the rings were to be removed, this 
would scarcely be a satisfactory solution. Therefore the en- 
gineer should allow for this discrepancy in the same way that 
he would allow in induction motors for contact resistance be- 
tween the rings and the rotor bars when they are bolted to- 
gether. Fortunately, however, this contact resistance isin favor 
of obtaining a smaller current input for the same ‘ starting 
torque. : 

In case the construction is such as to permit of the bars 
passing through slots which are entirely closed at the tops, tests 
should be made to determine the reactance for different currents 
with this type of slot. If these bridges over the tops of the slots 
were in laminated portions, the value of the reactance would be 
considerably different than if the metal were solid, due to the 
fact that eddy currents would be produced in the latter, which 
would tend to reduce the reactance. It would be very difficult 
to compute the reactance of this part of the circuit by theo- 
retical means. ; 

If the poles be laminated and the field ring solid, the losses 
in the field ring could be determined experimentally by taking 
careful readings with and without the amortisseur winding on 
the rotor. The voltage induced in the field coils is a crude mea- 
sure of the flux which enters the solid field ring. As the losses 
due to eddy currents in the solid field ring are dependent upon 
the flux which enters it, these losses would be the same for the 
same voltages induced in the field coils with and without the 
amortisseur winding. By observing, for a definite voltage in- 
duced in the field coils, the starting torque as well as the power 
input to the stator (from which latter the stator losses may be 
deducted), the fraction of the total rotor loss which appears in 
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the solid portions can be experimentally determined. From 
these tests the proportions of rotor losses in other machines could 
be predicted. 

It is important to know the percentage of the leakage flux 
from pole to pole, or the equivalent, the difference between the 
flux which enters the head of the pole and that which enters the 
field ring. This can be determined experimentally by noting the 
voltage induced in exploring coils placed at various radial 
positions along the poles. The leakage factor o is the ratio of 
the voltage per turn induced at the pole head to that induced 
at the pole base. 

The phase difference between the eddy currents in the solid 
portions and the electromotive forces which produce them could : 
in all probability be determined by means of a transformer; the 
secondary and core of which is solid metal, cast iron or steel as 
desired. By observing the power, volts and amperes input to 
the primary, and allowing for primary leakages and losses, the 
angle between the eddy currents and their voltages could be 
calculated. 

If the short-circuiting rings are placed near the iron, the large 
currents in them may produce leakage fluxes which will later 
set up counter electromotive forces of considerable magnitude. 
If the rings are far removed from any iron, in general, it is be- 
lieved that these leakage fluxes will not have very great influence. 
However, the writer has made no experimental determination 
of this, but believes that it would be desirable to cause alter- 
nating and direct currents to flow through the short-circuiting 
rings and measure the drop in each case. The curve given for 
determination of the stator end connection leakage was obtained 
from induction motors and includes the end ring leakage as well 
as the leakage around the end connections in the stator. In the 
same way the calculations obtained by means of this curve, used 
in conjunction with a synchronous motor, should include the end 
ring leakage as well as that of the stator end connections. 


COMPARISON BETWEEN INDUCTION MoTORS AND SYNCHRO- 
nous Motors AT STARTING 


The synchronous motor has frequently been compared with 
the squirrel cage induction motor in regard to the better con- 
ditions which obtain in the latter at the instant of starting. 
It has generally been believed that the poor starting conditions 
which exist in synchronous motors are due to the large air gap 
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and the fact that only a portion of the stator periphery is covered 
by the rotor iron. Without doubt these two factors influence the 
current which is required to produce a definite starting torque. 
However, after careful observation it is believed by the writer 
that the leakage reactances in stator and rotor and the rotor 
resistance have far more influence upon the volt-ampere input 
at starting than the air gap and rotor configuration. The air 
gap, in general, influences the volt-ampere input from 10 to 20 
per cent, whereas the leakage fluxes are the chief causes of the 
low power factor which obtains. Moreover, the increase in zig- 
zag leakage due to the reduction in air gap may, in some motors, 
offset the decrease in volt-ampere input by reduction in mag- 
netizing current. Furthermore there will be less uniformity of 
torque in the various rotor positions with a small air gap than 
with a large air gap. In the writer’s judgment it is not good 
practise to sacrifice performance by reducing the air gap with a 
view of improving conditions at starting. 

It is well known that to make satisfactory induction motors 
which will have leakage fluxes that will consume not more than 
30 per cent of the impressed voltage when normal current flows, 
it is essential to use a large number of small slots in both stator 
and rotor. On the other hand, in synchronous motors it is general 
practise to use a small number of large slots. If we were to 
proportion the slots of the synchronous motor in the same manner 
in which induction motor slots are proportioned and cause the 
drop due to resistance in the rotor circuit to be equal or greater 
than that due to leakage fields, the power factor and other 
characteristics at starting would then compare very favorably 
with those of squirrel cage induction motors of the same speed 
and horse power. 


CONCLUSION 


As far as he knows, the writer is the first to have attempted 
an analysis of the relations of the various quantities which 
obtain while starting synchronous motors. In considering a 
phenomenon so complicated, it is-possible that some of the 
statements which he has made may be incorrect and that some 
simpler and more accurate methods may be found by others for 
predicting the power and volt-ampere input during the starting 
period. The writer would therefore welcome any comments 


or criticisms which may be of future use in further investigations 
on this subject. 
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APPENDIX 
I. REACTANCE OF A ROUND SLOT 
The area included in Fig. 20 between the bottom of the slot 


and height «= F=2 (nr aie 


ee ) — (rsin @) (7 cos a) 


=r(a—4sin2a) (56) 
Taking unit length of slot and one ampere per conductor, flux 
F . ) dx 


aia = 
Seo 2y @ where a = num 


in small area dx = 0.4 r( 


ber of conductors per slot. 

But x =r-—rcosa. Hencedx=rsinada. Also y= 
rsin @ 

and 


ap = 047 ( Fa ) tgnade - 7 ( Fa Jaa 


Tr 2rsina 2 Tr? 


7 Cm oe 
Theinterlinkages per ampere will then bef ( apis )a cH) 
L in henrys = ie 
bar aes ae es 0.4m ("A (a—4 sin2a)2arda 
10° (Gr 2 ° * 939x108 7 
a =0 a =0 


GAma fork 7 (a... )- oe: eae )I 
= oa? x<108 f43(5 ssin4da z sin2a@ ee atc 


(047a Pr, oe , aw ]_ 0.62 X 0.4723 
“orx1eL3s 78 Ea - 108 of) 
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If inches be used this becomes 


re 0.62 X 3.19 a 
~ 108 (58) 


The reactance per slot, allowing for leakage across opening 
at top, the depth of which is d, and width b;, and expressed in 
henrys, is 
d 


29 ~d,0.47 ; 
tT hee ee 7 


108 


ice ( 0.62 a ) a? (59) 


II. REACTANCE OF STATOR SLOTS WITH ALLOWANCE FOR SHORT 
PITCH 

Consider unit length of slot and one ampere per conductor. 

Let a = number of conductors per slot. 

Consider, first, leakage reactance 
of coil B in Fig. 21. 

The following is intended to 
apply when the currents in A 
and B are not in phase with each 
other. 

¢1 = flux due to B in lower por- 
tion of slot, linking with B. 

2 = flux due to B crossing slot 
above B. 

os = flux due to A, threading 
A, but cutting B. 

od, = flux due to A, above 4, 
and cutting B. 


' ‘ 
aa bs< 


x a dx 
1 Set lea dy Taras W. 
2 
ay 
2 
: z xa 0.47 a? 2 _0.4 7 dia? 
Interlinkages -| d, Phe pi W. val dx 24 W;, 
Oie2 =D 


2. b1= 04 m5. (Sop + + d, + (24) 
2 


Interlinkages’ = EE ( Gs ee 


4 
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3. dy 
2 SU LS os me 04m a dy 
eee md atk.) d= W,8 
2 4 =0 
Interlinkages with B = oe cos w (62) 


where w = angle between currents’ in A and B 


= 0.4 Ta dz d, Ye ds 
ee ae 


Interlinkages with B 


ds 
W; 


2 
= 040 F( +o + aus ) cos w (63) 


bs + W; 


For three-phase with six-phase winding and for a pitch be- 


tween ; and full pitch, w = 60° and cos w = 7 


Total interlinkages for B, three-phase = (60) + (61) + (62) + (63) 


area nd: 
med Gk (96 ANSON WA tb, oo sr) (64) 


rid ds > 38/4: 
96 Ws; 8 ( 
For two-phase we obtain, allowing for w = 90° and cos w = 0, 


dy d 2 ds 
ores a tata + aaw)] 


Now consider coil A when there is a phase difference between 
currents in A and B. 


$2 = flux due to B, linking with A. 
$3 = flux due to A, threading A and linking with A. 
$, = flux due to A, above A, linking with AS 


ee ae G dz 2 ds 


d; Ae 
Epa ana W; sl bs + Ws i 


i) 
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Interlinkages 
Q.47a?/ di* dy 2d; Ss3) cos w (67 
eee (aH rf eee (67) 
Poy tt isle 9 ee 
2 d $3 = W. a 2 
2 
ya 
0.4 ma 2 OAw ad 
itertnkages= { ($ 5 i) 3 “wae y? dy=> a 
(68) 
0.4 Ta dy fe dz d, ) 
3 = St a to, 
Anra(d 2d d 
Interlinkages = q me ( W. cso - W. . = ) (69) 


Total linkages for A for three-phase 
7 gy 3 / dz 2 ds d, )| 

= : roll bars 70 

sere ewe t swt G+m + b (70) 


For two-phase, interlinkages 
b gi- 1/ d 2 ds d, )| 
OAC Bye pnt a(% nar eet oe ow mall |S 


When using short pitch, if we drop back by electrical angle 
B = w the two coils in all slots will have currents differing in 


phase by angle w. For any pitch between this and full pitch 
N sy n ) = mn 

there are ba a( 180° B coils per phase and 

) A coils per phase, where NV; = total number 


N 1 n 
prdlerns 
of stator slots and m = number of phases 


is because not all of 


d 
instead of 
instead o 2W 


s 


*The fact that this is 
4 Ws; 
the conductors in A are cut by de threading A. This brings i in. ‘the average 
The result may also be proved by a simple integration. 


value. 
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In addition there are ( _ ee ) slots per phase in 
which the currents in the two coils are in phase with each other, 


and for which the interlinkages are: 


dy de 2 ds ds ) 

2 

0.474 ( ae (72) 
For a three-phase winding the total interlinkages per phase 

are, from equations (64), (70) and (72): 


> 


pane {{ 12 @ Dg se eee )] MN 8B 


96 W,  8\ Ws bs b; + W, 2n 60° 
+ [Swe t eG ttt awe) ae oe 
liso tame tee fle Oso) 
After reduction this becomes: 
el eal 
aD [0.198 W +5 (we ogee eal 
If we allow an approximation of 0.208 ie = 5 x 2 = 


d; 
W,’ 
aie aa ‘hh - Fé) ay W, ate 


+5]; 3) 


And for two-phase, we may similarly derive, allowing also a 
slight approximation: 


0.4 7 a? Ny i-=( E) | di 2 ds 
2 [ 4 


B albeana aise ore WE 


+ $i] (7) 
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The slot reactance for three-phase is 


27~ d\spS04 7a dy 
Xs, = 108 30 


dz 2 dz 
Wo ans 


- JC: 3 z fi ) (7) 


a. 


And for two-phase 


> i kp U-Aw at aed a 2 ds 
Xs, = 108 aW foie Bw 
| [1- $-$5] 
ne a [1 z 90°]  {78) 


III. END CONNECTION REACTANCE 


Let us first assume that there is one coil per slot. There are 
then Sa conductors per pole per phase in each “‘ phase bundle”’ 


representing a group of conductors, and there are g groups per 


phase. If ¢y represent the flux per inch of free length with one 
conductor per group and one ampere per conductor, and the 
length of end connections per coil be (M.T.—2)X,;) where 
M.T. = mean length of turn and ); = gross length of iron, we 
have for the end connection inductance 


1, - (Sab 


10°x2 (M.T. — 2 Xs) (77) 


And the end connection reactance = Xy = 27 ~ Ly 


Ryn eed EE Pee Te TS 


It has been found that the end connection reactance is nearly 
the same for single-layer as for two-layer windings, if the mean 
turn and other quantities be the same. We are justified, there- 
fore, in using the above equation for two-layer windings as well 
as single-layer. The values of ¢s may be obtained from Fig. 18. 
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IV. Z1iGZAG REACTANCE 


At the instant of starting, leakage lines of force emerge from 
the stator teeth, cross the air gap, enter the rotor poles and re- 
turn to an adjacent stator tooth without interlinking with any 
rotor conductor. Similarly, leakage flux emerges from the rotor 
without cutting the stator conductors. This flux has been given 
the name of zigzag leakage and is well known to induction motor 
designers. 

Modifying the results obtained by C. A. Adams* to suit our 
notation, we obtain 


0.84 p (Wi + Ci Ws) + (Wi, + C2 Ws,) jis ae 
bea [ an -5 | 19) 


In this @, is the leakage flux from tooth tips with one ampere 
per conductor in one slot per centimeter length; \ = average 
tooth pitch in the stator and rotor; A = single air gap in cen- 
timeters; Wi, Wi,, W; and Ws, are respectively the tooth and 
slot widths for primary and secondary; Ci and C are the Carter 
coefficients for fringing from Fig. 19. 

The inductance is 


d,.@);pS 


Le = 108 


1 As pS X 0.84 rr (WAC Ws) + (Wi, +C2 ea 
omer: A [ ex 2 
(80) 


Oe ( Wi, a W,, 
2 


be partly closed, (2 being rotor slot pitch) we may write, after 
substituting 1 for this expression, 


) is nearly equal to unity if the rotor slots 


1, = 084 d@ Bp “EoGt ie] 


10? A 2X 


_0.21a ApS 


Ee eit Ace > SD 


*See C, A. Adams: Design of Induction Motors, TRANSACTIONS ACT. 
1905, XXIV, page 665. 
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And the reactance = 


0.21a@\; pS27~ 


_— 2 
2G 10°? Ad (Wi + Ci Ws) 
_ 1320p S ~ ; 
—. Fr 10 akan ean al ee 


If inches be used, 


3.35a ApS ~ 


aha 108? A X 


“(Wi + Ci W;)? (83) 


V. TootH Tip LEAKAGE 


To distinguish that leakage flux which crosses the air gap 
when the pole is opposite the stator from the leakage around the 
teeth when they are situated be- 
tween the poles, we shall call the 
former ‘zigzag’’ and the. latter 
“tooth tip ” leakage. 

We may derive an expression for 
the tooth tip leakage by assuming 
that this leakage flux travels in the 
arcs of circles and in straight lines. Fic. 22 
The leakage flux which encircles one 
slot in small distance dx (Fig. 22) is: 


‘| 
! 
> K 
yt 
dx 


Wi 


(0.4 am a) dx 


se a wx + W; 


And the interlinkages = 


dx 0.4 7 a? ¢r W:+ W;) 
as 2 As SaaS eh Se ys eae 
ic o=047a if ; log, W. 


x«=0 
or 


0.47 X2.3 w W, 
L,= cn ee @ logio ( W. ‘41) = 0.47 X0.73a? logio (A+ 1) 


(84) 


In order to allow for the shortening of lines and the large area 
through which the flux passes, it has been found from test that 


Wen 
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accurate results are obtained by increasing the factor 0.73 to 
unity. 

The above applies to one slot per pole per phase. When there 
are two or more slots per pole per phase, it has been found from 
test to be satisfactory to obtain the tooth-tip leakage with two 
slots per pole per phase. Deriving this in the same manner as 
above for one slot per pole per phase, we obtain, after substi- 
tuting 2 for 1.46 to allow for shortening of lines, etc., and adding 
expression in equation (84), 


_ 0470 T mut aT W; 
l= 5" [tozse (1 +) a 2 logue (1 toy Taw) 


(85) 


The tooth-tip reactance per phase is: 


27 ~ 0. oN 
pes oar UY ad ot (1 a) 


+ 2 logis (1 + ova) | (86) 


Aare 
Or X; = Sha oS8ee [1080 (1 aie may ir) 


+ 2logiy ( a as a )] (87) 


VI. Errect oF SHORT PITCH UPON ZIGZAG AND TOOTH TIP 
LEAKAGE 

It may be proved in the same manner as for slot reactance 

that the effect of fractional pitch of coils is to decrease the 


zigzag and tooth tip reactance by the factor ( _ fee ) 


The zigzag leakage is effective over those portions of the stator 
which have poles opposite them, whereas the tooth tip leakage 
appears between poles only. Hence, if u is the polar arc and 7’ 
is the pole pitch at the inner periphery of the stator, the fraction 


of the stator to which the zigzag leakage applies is 36 and 


Tt’ —Uu 


that over which the tooth tip leakage is effective is 
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Hence, we may add these two leakage reactances and obtain 
after simplifying: 


3330) Oe SPS ~ | u(Wit+ C Ws)? 4 
10° 7’ AX 


7) + 2 logio (1 tow) | 


2 as aie ee) 


X,+ X= 


2.36 (7’—u) [1086 ( 


The above applies when the metric system is used and when the 
number of slots per pole per phase is not less than two. For the 
inch system use 8.5 instead of 3.35; and for one slot per pole 

A w W; ) 

per phase, omit 2 logig (1 + 2W.+ W, 

VII. CoMBINATION OF EQUATIONS TO GIVE THE TOTAL STATOR 
REACTANCE 

By adding the leakage fluxes in the various parts of the stator 
we have, for the metric system, 


Xs; = Xs + Xi + X, + Xe = 


k7.9 ~ par, (1 - vil) pais 
108 180° 3 W; W; 


2 dz ds, 
SSRN APPT 


+(1-5) [108% (14477 


0.425 u (Wi+ C W,)? 
Toh 


eC coe 
~ + 2 log (1+ 2W +H )1) 


He0.4 oe eee be } (89) 


For the inch system of units use 20 instead of 7.9 and express dy 
in lines per ampere-centimeter. 


of 


-b 


VIII. SINGLE-PHASE REACTANCE 


If single-phase current be caused to flow in one leg of the 
stator winding of a two- or three-phase machine, and the stator 
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be provided with short pitch winding, then there will be some 
slots in which the currents in both coils will flow in the same 
direction, and other slots in which the current flows in only of 
two coils. By proceeding with a method similar to that given 
for polyphase machines with polyphase currents, we obtain a 
result similar to equation (76): 


_ 2a ~ dy pS04r a? dy dy 2 ds 
es ‘ W, + b 


108 3 W. 
sis] ays eho) 
tebe [ z 180° | 


This holds for either two- or three-phase, a four-phase winding 
being used for the former and a six-phase winding for the latter. 

To obtain the total reactance with single-phase current in 
one phase only of a polyphase stator, the rotor being removed, 
we must allow for the tooth tip and end connection leakages, 
the derivations of which are given in this appendix, and obtain, 
with the metric system: 


= Se ae 3 ce) dy dz 
2S 108 (1 STE H¢ PW Oe 
2 dz ds oy 
ae ae (1 + 7 


| Eo ioe. (1 + ea) G4 s'6) (= as 2) (91) 


If inches be used, substitute 20 for 7.9 and express ¢y in 
lines per ampere-centimeter. 
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Discussion ON “‘SELF-STARTING SyNcHRONOUS MorToRs ” 
(FECHHEIMER). PitrsBuRGH, Pa., APRIL 25, 1912. 


R. B. Williamson: Mr. Fechheimer’s paper presents a large 
amount of interesting and valuable experimental data regarding 
a type of motor that is rapidly coming into use, and about which 
comparatively little has been published. 

The self-starting synchronous motor, when started with the 
exciting field open-circuited, is essentially a squirrel-cage induc- 
tion motor for the time being, although it is a more or less im- 
perfect one. In general, all the tests given by the author point 
to the conclusion that the same rules laid down for the design 
of induction motors to secure the maximum starting torque with 
minimum line current, must also be observed in the design of a 
self-starting synchronous motor. For example, the reactances of 
both stator and rotor windings must be kept down as much as 
possible, and this in turn affects the number and proportions 
of stator and rotor slots. The squirrel-cage winding must be 
designed with sufficient resistance to give the required starting 
torque, and the rotor bars must be spaced to avoid dead points 
as far as possible. This last point is very important. It is of 
little use to make elaborate calculations and go into refinements 
of design to obtain a squirrel cage which will produce a given 
average torque if the arrangement of bars is such that the 
minimum torque is insufficient to start the machine. The 
author has very properly called attention to this point. It is 
true that some of the requirements for a good induction motor 
cannot well be met in the synchronous motor, but the nearer the 
induction motor design can be approached, the better, at least 
so far as starting is concerned. The large air gap and discon- 
tinuous rotor surface are desirable for the synchronous motor. 
So far as starting torque is concerned, the large air gap is not a 
great disadvantage; an induction motor may have a relatively 
large gap and yet be quite satisfactory so far as starting charac- 
teristics are concerned. It is true that the larger the gap, the 
larger will be the component of line current required for setting 
up the flux across the gap, and to this extent the total line cur- 
rent will be increased. 

A point to be noted regarding the squirrel-cage winding of a 
self-starting synchronous motor is that it is in use only during 
the starting period, except possibly for momentary or periodic 
currents that may flow in it if hunting takes place. The squir- 
rel cage can therefore be designed with reference to the starting 
conditions rather than operating conditions. On the other hand, 
in a regular induction motor, working currents flow in the 
squirrel cage and the loss at starting must necessarily be limited 
in order to secure a satisfactory efficiency while the motor is 
running under regular load. 

In designing the squirrel cage for a synchronous motor, the 
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service for which the motor is to be used should be kept in mind. 
For starting air compressors (unloaded), motor-generators or 
similar service, the torque required to overcome static friction 
is relatively high, but drops off rapidly as soon as the machine 
starts. At or near synchronism, the driving torque required is 
relatively small. For such service, a high-resistance squirrel 
cage is desirable, as it will develop a high torque at starting, 
and will allow the motor to come nearly up to synchronism on a 
half-voltage tap, on account of the light running load. There 
will not, therefore, be an excessive rush in current when the motor 
is thrown over to full line voltage. On the other hand, a motor 
used for starting, say, a centrifugal pump or fan, where the torque 
required to overcome static friction is not large, while the run- 
ning torque near synchronism may be very high, requires a low- 
resistance squirrel cage in order to approach closely to synchro- 
nism before full line voltage is thrown on. It has been found that 
in case a motor is brought into synchronism on the low-voltage 
tap by the application of direct current in the fields, it sometimes 
happens that when the motor is thrown over to full voltage, an 
excessive rush of current that may trip the circuit-breakers 
takes place. This can be avoided by increasing the field excita- 
tion to quite a large amount just before the switch is thrown 
over, thus increasing the counter e.m.f. of the motor. In case 
this is done, sufficient time must be allowed for the field current 
to increase to the required amount before throwing over to line 
voltage. 

Mr. Fechheimer has called our attention to the falling off in 
torque near synchronism, and mentioned that the application 
of a small direct-current excitation will help the motor to pullin. 
The writer noted this effect some time ago, but the present paper 
is the first place where he has seen it pointed out that there is in 
each case a critical value for this excitation giving the best re- 
sults. The curves shown in Fig. 11 are particularly interesting in 
this connection. 

In applying direct-current excitation, care must be taken that 
it is not done when the machine is much below synchronism. 
Cases have occurred where this resulted in an insulation break- 
down of the exciter armature, on account of the high induced 
voltage in the field of the synchronous motor when running with 
a large slip. 

It is a well-known fact that synchronous motors, when started 
with the field circuit closed, frequently tend to stick at half speed. 
This, however, can hardly be attributed to higher harmonics in 
the wave form of the motor. For such to be the case, the har- 
monics would be of an even order, whereas even harmonics do 
not exist in a symmetrical wave. It seems that the phenomenon 
of running at half speed might be explained as follows: If an 
alternator of frequency u cycles per second is excited with direct 
current, it must be driven at synchronous speed to generate this 
frequency. If, on the other hand, it is excited with alternating 
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current at frequency m instead of direct current, and at the same 
time driven at synchronous speed, it will generate an e.m.f. hav- 
ing double frequency 2. Or, if it is driven at one-half syn- 
chronous speed and excited with alternating current of fre- 
quency 4n, it will generate normal frequency ». Now, if the 
latter case is reversed, and the generator operated as a syn- 
chronous motor at line frequency n, and if at the same time its 
fields are excited with alternating current at frequency 3n, the 
motor will run at one-half synchronous speed. When a syn- 
chronous motor is started with its fields closed and attains one- 
half speed, the frequency of the current in the closed rotor circuit 
is 4n, and the effect is the same as if the motor were excited 
from an external source at one-half frequency. The motor, 
therefore, tends to lock into step and will so continue running 
unless the conditions are such that the torque due to the squir- 
rel cage exceeds the pull-out torque of the synchronous motor 
when operating in this manner. When the field circuit is 
opened, the half-frequency exciting current disappears and the 
squirrel-cage torque brings the motor nearly to synchronism. 

Regarding the high e.m.f. induced in the fields at starting, 

particularly those wound for 250-volt excitation, this can usually 
be taken care of by extra insulation on the coils and collector 
rings. It should be remembered, however, that the same pre- 
cautions regarding insulation should also be taken in connection 
with the wiring for supplying the exciting current. Mention has 
been made of the effect of solid poles in reducing the voltage 
generated in the field. Laminated poles without dampers or 
squirrel-cage winding undoubtedly permit a high induced voltage, 
but this is very greatly reduced in machines provided with a 
squirrel cage, so that the solid pole has little advantage in this 
respect. In one case with which the writer is familiar, the addi- 
tion of dampers reduced the induced voltage to approximately 
25 per cent of its former voltage. 
_ The analytical discussion is of value in that it shows the relative 
importance of the various quantities entering into the determina- 
tion of a given torque and the corresponding line current, power 
factor, etc., during the starting period. However, the whole 
subject is complex, and so many assumptions have to be made on 
which to base calculations, that the engineer must place reliance 
on tests more than anything else. 

F. D. Newbury: The Institute is to be congratulated on 
having a paper of this quality on a design subject. We do not 
often get them. This is a very complicated subject. The 
synchronous motor is such a rapid-change artist during starting, 
starting as an induction motor, sometimes changing to a syn- 
chronous motor at half speed, and sometimes not changing until 
it gets pretty near the full speed, that the conditions are quite 
complex. I will not attempt any general discussion of Mr. Fech- 


heimer’s paper, but I do want to call attention to one or two 
points. 
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The “ non-uniformity of torque at the instant of starting,” 
and the “ unbalance in phases,” I have noticed are very much 
larger without amortisseur windings or without continuous end 
rings, when there are damper windings upon the individual poles. 
I do not believe Mr. Fechheimer mentions whether the motors 
he tested had continuous end rings or not. 

In connection with the field circuit at starting, with an open 
field circuit, as Mr. Fechheimer points out, there is a large volt- 
age induced in the field windings, particularly with the higher 
exciting voltages. He also points out that there is considerable 
decrease in starting torque with the field short-circuited, but the 
curves also show that with some resistance in the field circuit 
this decrease in torque is practically nil. I think it is, therefore, 
preferable to start the motors with the field circuit closed, and 
through as much resistance as is ordinarily placed in the field 
theostat. This reduces, in fact, eliminates, the danger of any 
insulation strains in the field circuit, and does not cause any 
great decrease in starting torque. 

Mr. Fechheimer devotes one section to the subject of ‘ driving 
of fans and pumps.”’ I am familiar with a motor of about 200 
kv-a. at 500 rev. per min. on 25 cycles, which is arranged to 
drive a fan in which the starting conditions are very severe. The 
motor must be placed on the line with about 80 per cent of full 
load torque, at the instant of falling into step, with not more than 
2.5 normal kv-a. from the line. I think that is about as good as 
a corresponding induction motor could do, which also bears out 
well the contention which has been made, that there is not a great 
deal of difference between: a properly designed synchronous 
motor and a corresponding induction motor. 

I agree with Mr. Fechheimer, that in obtaining good starting 
conditions, the distribution of slots in the rotor and in the stator 
is important and that it is not good engineering to decrease the 
air gap in order to get a little better starting conditions. The 
decrease of air gap of course results in much smaller pull-out as a 
synchronous motor, and the pull-out as a synchronous motor is 
undoubtedly much more important than the slightly smaller 
starting current. 

Mr. Fechheimer has devoted most of his paper to the conditions 

of actual starting. There is an equally interesting field for dis- 
- cussion—the conditions after the motor is connected to the low 
voltage, and the starting operation is completed by connecting 
to the line voltage and exciting the field. ; 

As» Mr. Williamson pointed out, the complete starting con- 
ditions are improved with an increased field current. The 
armature current on low voltage may be considerably higher 
than it would be with lower field current, but in throwing over to 
line voltage there is not an excessive rush of current which will 
open the current breakers. ; : 

H.M.Gassman: The mention of induced voltage in the fields 
of synchronous motors recalls some comparative tests I made on 
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synchronous motors with 250-volt windings. The motors were 
of 250 kv-a. capacity and the voltage was measured at the field 
switch on the switchboard. In both cases approximately one- 
half normal voltage was applied for starting the motors. 

The solid-pole motor gave as a maximum 1500 volts induced in 
the field at starting. The motor with laminated poles and copper. 
end rings showed an induced voltage of 4000. Such induced volt- 
age deserves consideration on account of the danger to which the 
operator is exposed when starting synchronous motors, and 
the chance of such induced voltage breaking down the ordinary 
insulation used on the complete field circuit and even breaking 
down the rotor insulation after it has deteriorated from use or 
exposure. The rotors in this case were designed to withstand 
5000 volts when new, which leaves a very small factor of safety 
for deterioration when the induced voltage is so high. 

When the ammeter of the synchronous motor is not short- 
circuited in starting, it is an advantage to insert the resistance in 
the field, as suggested by Mr. Fechheimer, for the purpose of re- 
ducing the chances of damaging the ammeter needle. Damage 
to the needle might be avoided by selecting an instrument with 
larger capacity and also by an increase in the size of the current 
transformer. This, however, is not desirable, on account of the 
performance of wattmeters and the indicating meters on light 
loads. 

A. M. Dudley: One point in Mr. Fechheimer’s abstract of 
his paper must be taken with certain modifications and also 
brings out the need for correction in one of our existing Standard- 
ization Rules. I understand that Such correction is contem- 
plated in connection with the revision now under way. I refer 
to Mr. Fechheimer’s statement that the real watts input into 
the rotor is a fair measure of the starting torque. This state- 
ment is reasonably correct, but he said, in addition, that if the 
real watts input into the primary at standstill were measured, and 
the loss in primary copper were subtracted therefrom, the 
remainder would reasonably represent the input into the rotor 
which reappears directly as starting torque. It is well known at 
the present time that there are certain losses at standstill due to 
eddy currents in different parts of the machine, which do not 
appear as starting torque and which are not present as losses when 
the machine is running at normal fullload speed. For this reason 
the starting torque, as figured in this manner from the locked 
kilowatts input, is usually higher than the machine actually 
develops, and the secondary copper loss as so figured is too high, 
showing an efficiency at full load speed which is less than is act- 
ually the case. This discrepancy is not always so small as to 
be negligible and in extreme cases a starting torque of 1.7 times 
full load torque may be indicated from the locked kilowatts and 
the machine may actually test out only 1.2 times. 

Referring to the Standardization Rules on this point, under 
Section 167, they definitely state that the locked watts when the 
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full load primary energy current is flowing in the windings are 
directly chargeable against the motors either as copper losses in 
the primary and secondary or as so-called load losses. hist 
believe, we all recognize as incorrect and the rules could be 
modified so as to correct this inaccuracy. 

W.J. Foster: I would like to say a word with reference to the 
solid pole versus the laminated pole. I agree that it is not per- 
missible to have such high induced potential as mentioned in a 
particular case by a previous speaker. Of course, in the design- 
ing of the synchronous motor we must strike a compromise. 
There are a good many conflicting factors, and we must combine 
them so as to obtain a motor that is practicable. 

Now in the case mentioned of the motor with solid poles, un- 
doubtedly the reduction of the induced voltage, due to the solid 
pole, is a good thing, when you consider the danger of the induced 
potential. We ought not to allow a synchronous motor to be built 
that is absolutely open-circuited and with laminated poles and 
nothing to keep down the induced potential. In the particular 
motor that the speaker had in mind as subject to criticism, 
probably the squirrel-cage winding, there is very high resistance. 
There has been that danger in the past. Many motors have been 
built with altogether too high a resistance. Such a motor shows 
up well in the initial start, since it keeps down the amount of 
current taken from the line, and if the question is asked as to the 
current required to start, the answer is made so as to apply at the 
instant of starting. Hence there is the temptation to make that 
very low, say, full load current or less than full load current. 
This proportioning of squirrel-cage windings does not, it seems to 
me, result in a machine which is a practicable one—either the 
windings should have much lower resistance, or, what is simpler, 
short-circuiting collars should be put on the poles, as they will 
cut down the induced potential. I recall some experiences in the 
matter of short-circuiting collars. There is danger of getting too 
low resistance, so that there will be trouble at the half-speed 
point in starting up. There is danger, if alloys are called for, 
on account of the uncertain character of what one gets from the 
foundry. You sometimes get material with 50 per cent higher 
resistance than at other times. 

In general, it is better to design the squirrel-cage windings 
with lower resistance, or with that which it needs as it approaches 
synchronism. : ens Ae 

I agree with the emphasis laid by the author on the desirability 
of providing definite paths for the current in the starting wind- 
ing. It seems to me more scientific and approaches more nearly 
the induction motor design. The synchronous motor is at a dis- 
advantage when compared with the induction motor, since no 
serious attempt has been made to develop synchronous motors 
as a class of machines by themselves. Most commercial synchro- 
nous motors are generators adapted to the use as motors.* | 

The author brought out a number of points with which I agree. 
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As to the matterjof air gap—when you consider all the character- 
istics of a good motor, I think the gap of a synchronous motor 
should be approximately the same as of a generator. 

I would like to ask Mr. Fechheimer, in closing, if he is ready to 
make a statement with reference to the ratio of slots, the region 
within which he considers good practise to lie? Mr. Fechheimer 
has warned us in both directions, against the multiple and against 
the prime relation; this helps a good deal, but I should like him to 
make a positive statement. I think we are all greatly in- 
debted to Mr. Fechheimer for the paper, which is an excellent 
treatise on the subject. 

B. G. Lamme: Considering the synchronous motor problem 
as a whole, it has been known for many years that, in starting 
and accelerating such a machine, it is an induction motor until 
it comes up to synchronism, and that, while acting as an induc- 
tion motor, it followed the laws of the induction motor; or 
rather that it followed these laws as closely as the crudeness of 
the construction would permit, for the synchronous motor is 
naturally an imperfect form of induction motor. It has been 
known for a long time that the starting torque of the synchronous 
motor varies as the square of the impressed voltage, which is 
a well-known law of the induction motor. The same is true of 
many other relationships which Mr. Fechheimer has brought 
out, and the great value of his paper lies in the fact that he has 
shown how very closely the synchronous motor follows the 
same laws as the induction motor, when its imperfect construc- 
tion as an induction motor is taken into account. 

One of the first things which we teach designers of induction 
motors is that, to obtain full load torque at the start, there 
must be an expenditure of at least full load energy in the second- 
ary circuit. Mr. Fechheimer shows that in the synchronous motor 
we get practically the same result in spite of the fact that 
the field structure of the synchronous motor, which becomes 
the secondary of the machine as an induction motor, is, magnetic- 
ally, badly proportioned, compared with the usual secondary 
construction of the normal induction motor. At half speed the 
synchronous motor tends to hesitate, one might say, or to drop 
into a sub-synchronous speed. In this feature it also follows the 
principles of the induction motor, which, with a wound secondary, 
will tend to run at half speed when its secondary has only one 
circuit or phase closed on itself, and will even pull a considerable 
load. The synchronous motor at half speed represents a similar 
condition to a certain extent. The secondary conditions, 
represented by the polar arrangement of the magnetic circuit 
and the field coils of the synchronous motor, tend to give, to a 
certain extent, a single-phase condition in the secondary. In 
particular, the field winding, closed on itself, tends to give the 
effect of a single secondary circuit, and therefore tends to lock 
the machine at half speed. This action is neutralized, to a 
certain extent, by any polyphase actions in the secondary 
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circuit, and the greater the polyphase tendency compared with 
the single-phase, the less difficulty there is in carrying the 
machine past the half-speed point. If the single-phase action of 
the secondary preponderates, the motor may have a strong 
tendency to lock at half speed. 

When the motor speeds up, it approaches as near synchronism 
as the resistance of the secondary winding will allow. With a 
very low-resistance secondary winding, a very close approach 
to synchronism is attained, as in the induction motor, and it 
is easier to pull the machine into step. The higher the resistance 
of the secondary, and therefore the better the starting condi- 
tions, the greater will be the “ slip ”’ at full speed, and therefore 
the harder will it be to pull the motor into synchronism. It is 
difficult to ‘see’ just what is going on in the motor at the 
instant it pulls into synchronism, but the conditions can be 
approximated by considering the synchronous motor at stand- 
still with its terminals connected to an alternating-current 
generator which is started from rest, the fields of both the genera- 
tor and motor being excited by direct current. At the first 
instant of movement of the generator, there can be no current 
between the machines, because there is no electromotive force 
generated until the generator gets into motion. A certain low 
speed is required to generate enough e.m.f. to overcome the 
resistance of the armature windings of the two machines. At 
one per cent of normal speed there may be sufficient current 
flowing between the niachines to exert a considerable torque, 
but the motor is at standstill while the generator is rotating at 
one per cent of normal speed. Observing the rotor of the syn- 
chronous machine under this condition, it will be seen to quiver 
or oscillate back and forth a few times, and then jerk or swing 
itself into step. Sometimes there is simply a small quiver and 
then a sudden jerk into synchronism with the generator. At 
other times, there may be a very pronounced oscillation or 
swing of the synchronous motor, and finally it swings itself to 
such an angle that it naturally falls into step. It is obvious 
that the nearer the generator can be to zero speed when this 
action occurs, the easier it will be to pull the synchronous motor 
into step. Watching a motor start under these conditions 
gives a very good impression of what happens under ordinary 
conditions of synchronizing when the generator is running at 
normal speed. 

In one important feature the synchronous motor is quite 
different from the induction motor. In the synchronous motor, 
in order to get a good pull-out torque, usually the direct-current 
field magnetomotive force must be high compared with the 
armature magnetomotive force. Ordinarily, the field ampere- 
turns in the synchronous motor will be about one and one-half 
times as great as the effective armature ampere-turns at full 
load, in order that the motor may be able to develop a maximum 
of about two times full load torque. This high field strength is 
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necessary in order to give the proper overload torque. On the 


other hand, in the induction motor the magnetizing ampere-turns 


are possibly only 30 per cent of the full load ampere-turns; 
that is, in the induction motor, the exciting ampere-turns are 
only about 20 per cent as great as in the synchronous motor. 
Herein is one prominent difference between the two types, and 
in this lies the difficulty in making a machine which will be 
both a good synchronous motor and a good induction motor. 
If the induction motor requires only 30 per cent of full load 
ampere-turns to excite its field, then as a synchronous motor 
it would still require only an excitation corresponding to 30 
per cent of the armature ampere-turns, whereas, in fact, it 
should have about one and one-half times the armature ampere- 
turns for excitation, as stated before. With 30 per cent excita- 
tion, it would have a pull-out torque of possibly 40 per cent of 
full load torque, as a synchronous machine, which is an im- 
practicable condition. In order to get two times full load torque 
it would require an excitation of one and one-half times the 
ampere-turns of the armature, as stated before, and when 
acting as an induction motor the same excitation would be 
required. This would therefore lead to an induction motor 
having a magnetizing current of one and one-half times the 
value of the work current, which would mean a power factor of 
less than 50 per cent. This, therefore, indicates the impractica- 
bility of making a good synchronous motor which is able to 
drop out of step and operate as a good induction motor. The 
two conditions are conflicting, when running conditions are 
taken into account. A good synchronous motor therefore will 
not make a good induction motor, when carrying load. 

Francis B. Crocker: I do not think there is time, when we 
have such an important and difficult paper to discuss, to defend 
the Standardization Rules, but there is opportunity, I believe, 
at the present time, to say that the Institute’s Standards Com- 
mittee is in existence, and that this committee is considering the 
revision of the rules, and any points of that kind which need 
consideration or revision should be presented to the committee. 

I think also that the Standardization Rules should be revised 
from time to time. What may now be the actual wording of 
them may require modification as greater knowledge and change 
of practise takes place. In fact, I think it would be very extra- 
ordinary, and perhaps very undesirable, if they should remain 
unchanged, and not be revised from time to time. They have 
already been completely revised twice since their inception, and 
several other important changes and additions have been made 
when they were needed. 

I think the point that Mr. Lamme has just spoken of is a 
thing we should bear in mind. Two machines, the synchronous 
‘motor and the induction motor, are shown to be more alike 
than we have previously considered, having been regarded, in 
fact, as quite different. After all, they are quite alike, and, of 


1912] DISCUSSION AT PITTSBURGH 595 


course, the same laws necessarily apply to both, but, unfor- 
tunately, it does not seem to be possible to make a compromise 
machine which would have the advantages of the induction 
motor in starting up, and the advantages of the synchronous 
motor in being able to have leading current and improve the 
power factor of the other apparatus. If such a result could be 
obtained, there would be a great field for a motor which would 
have the advantages of both. 

C. P. Steinmetz: Mr. Fechheimer’s very valuable paper is 
especially interesting to me, as I always had a very strong pre- 
dilection for the synchronous motor, especially its larger sizes, 
since I consider this type of alternating-current motor as de- 
cidedly superior in its electrical characteristics, in its reaction on 
the electrical system, and more particularly with regard to power 
factor and voltage regulation. The synchronous motor does 
not spoil the power factor, but can operate at unity power 
factor,,or can be used to improve the power factor spoiled by 
other apparatus. 

The synchronous motor gives a fixed voltage point determined 
by its direct-current excitation, and thereby is able to, and does, 
hold up the voltage or pull down the voltage, depending on the 
conditions of the system, and thereby can be used to, and does, 
control the voltage of the system, especially in long-distance 
power transmission, where voltage regulation is more difficult. 
This is a very important characteristic, as the experience on the 
Pacific slope since the early days seems to have shown. 

The synchronous motor has no starting torque, as such. 
It starts as an induction motor. It has not always been realized, 
especially with the squirrel-cage synchronous motor, that is, a 
synchronous motor provided with the amortisseur winding, 
how large a starting torque you can get from it, and it is not 
completely realized today. When we first considered the intro- 
duction of the squirrel-cage pole face winding in the synchronous 
motor, to give it powerful starting characteristics, we made a 
number of investigations which were rather startling. With a 
standard alternating-current generator of moderate size, pro- 
vided with squirrel-cage windings, we determined the torque char- 
acteristics from standstill to synchronism, and found that the 
maximum torque of the machine as an induction machine was 
materially higher than the maximum torque of the same machine 
as a synchronous motor at unity power factor, with the same 
terminal voltage applied. 

That means you can provide any desired starting torque 
in the synchronous motor. In giving the powerful starting 
torque to the synchronous motor by means of the squirrel- 
cage winding or amortisseur winding we naturally meet with 
the same difficulty we meet with in the induction motor, that 
the requirements at standstill and requirements at speed are 
opposed to each other. High torque at standstill requires 
fairly high secondary resistance. To bring high torque up 
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close to synchronism requires very low squirrel-cage resistance. 
Now, in the synchronous motor, it is not merely sufficient to 
start from rest and run up to some speed, but we must run up so 
close to synchronism that the motor can pull into synchronism, 
into step; that is, we must go to a fairly low slip. The ability of 
the machine to pull into synchronism depends on the slip, and 
therefore the resistance, of the squirrel cage, and on the momentum 
of the moving masses, and also it depends very essentially on 
the mechanical configuration of the stator and rotor, as you can 
easily see by considering a machine with uniform reluctance 
all around, like a standard induction motor. Such a machine, 
without direct-current field excitation, could never pull into 
synchronism, and with the direct-current field excitation it is 
less able to pull into step than a machine with definite polar 
projection, and in the latter, also, we naturally find very wide 
differences, depending on the configuration of the polar structure 
of the machine. 

In the early days of the synchronous motor, twenty years 
ago, when we built the first of these machines, we were very 
much afraid of the machines not being able to start off, and 
we provided three-phase bar windings in the field poles, brought 
out to a switch, to be able to insert resistances in starting, and 
afterwards to short-circuit them. Fortunately, experience 
showed that such complication was not necessary, and it was 
very soon abandoned. However, it would be extremely desirable 
if we could design the squirrel-cage windings of the synchronous 
motor, and probably also of the induction motor, so that their 
resistance would automatically vary to suit the conditions, from 
high resistance at standstill to very low resistance at speed. 

Mr. Fechheimer mentioned the question of the short air gap. 
In the induction motor start of the synchronous motor, a short 
air gap is advantageous within certain limits, just as within 
other limits a short air gap is advantageous with the synchronous 
motor, but when you consider a still further decrease of the air 
gap, you reach a point where a further reduction of the air 
gap becomes objectionable in the starting of the synchronous 
machine as an induction motor, where we lose again by further 
reduction of the air gap. Decreasing the air gap, with the same 
size and relative position of stator and rotor slots, etc., at the 
same volt-ampere input, the average starting torque increases, 
but finally it increases very little. At the same time the 
irregularity of the starting torque increases, that is, the uni- 
formity of the torque in different positions decreases. 

What counts in the starting of the machine is not the average 
starting torque, but the minimum starting torque, the starting 
torque in the minimum torque position, and this depends on 
the relative proportions of air gap and width of slot, and also 
on the relative number of stator and rotor slots. 

To get a reasonably uniform torque with a small air gap 
means very many narrow slots, which is uneconomical in general 
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in the synchronous motor, and impracticable in a high-voltage 
machine, but with such a reasonable number of stator and rotor 
slots as is economical, and even as is permissible, in the 
synchronous motor, there is a limit in the air gap below which 
you cannot go without impairing the starting of the machine as 
an induction motor, by decreasing the torque in the minimum 
torque position. 

We usually think of a large air gap as producing a high exciting 
current, and so it does in the induction motor, but the high 
exciting current counts in proportion to the total current. An 
induction machine would be inoperative if the magnetizing 
current were 200 per cent of full load current. In the induction 
motor starting of the synchronous motor such a magnetizing 
current of 200 per cent is unappreciable, if you consider the 
synchronous machine starting by auto-transformer at half 
terminal voltage, twice full load current, which means taking 
from the line only full load volt-amperes: 200 per cent mag- 
netizing current, referred to half voltage and double current, is 
only 50 per cent, and would thereby increase the total current 
only very little. 

If, instead of allowing a nominal 200 per cent exciting current, 
you would go down to as low an exciting current as is the limit 
in the poor induction motor, or 50 per cent, the increase of 
irregularity of the starting torque would be very much greater 
than the percentage decrease in the total of current, and there- 
fore, to get a minimum starting torque equal to that which you 
get with the bigger air gap, you would have to increase greatly 
the volt-ampere consumption. Thus it would be an engineering 
mistake to reduce the air gap still further. 

You see that the conditions in the starting of the synchronous 
motor are different, with regard to magnetizing current, from 
what they are in the running of the induction motor, and econ- 
omical proportioning requires a larger air gap in the synchronous 
motor starting than in the induction motor operation, although 
there is naturally a limit in the size of the air gap, beyond which 
it is uneconomical to go. 

The last point which I desire to make has reference to Stand- 
ardization Rules. I would like to say here to you what I have 
said before: There is no use in kicking against the Standardiza- 
zation Rules or objecting to them. Instead of saying that such 
and such a rule is unsatisfactory and should be changed, say 
how it should be changed, and give the evidence proving your 
contention, formulate a better rule and you will find that Mr. 
Lamme and myself, who have the very questionable pleasure 
of providing for the changes, will be delighted to act upon your 
suggestion. But a mere statement that the rules are not satis- 
factory, means nothing, and we cannot act on such a statement 
until something better is offered. ; 

We know that things had to be put in the rules, as representing 
the best that could be obtained with the limited experience and 
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knowledge had of certain subjects. Now, what we want is to 
be provided with the data by which we can correct any existing 
rules that are not satisfactory, and we shall be delighted to do 
so, but, as I say, a mere objection to the rules means nothing. 
We know ourselves that many things should be changed, and 
the only question is how to change them and prove how the 
change should be made. 

Bradley T. McCormick (by letter): During the period of 
starting, the self-starting synchronous motor acts as an induction 
motor of special type, but when synchronous speed is attained, 
the machine operates as a synchronous motor under the special 
condition of no excitation, until the field circuit is closed. 

While the starting characteristics of the self-starting syn- 
chronous motor, before it has reached synchronous speed, can 
only be determined by methods which are more or less empirical, 
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the current input to the motor after it has reached synchronous 


speed, but before the fields are excited, can be accurately deter-— 


mined. Although this current is less than the starting current 
at rest, it is still of some interest, as it represents one of the points 
on the current-speed curve which can be determined easily and 
with accuracy. 

In the figure presented herewith, curve II shows the no-load 
saturation curve of a synchronous motor, while curve III shows 
the saturation curve at a leading power factor of zero, with the 
full load current of i amperes per phase. Curve III is the path 
traced by the point c, as the triangle abc moves upwards in such 


a manner that point a follows curve II. The line ad is the arma- 


ture reaction expressed in terms of amperes excitation, and bc 
is the reactance drop of the stator in volts. 
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Curve I is the full load saturation curve for zero power factor 
lagging, and is obtained by turning the triangle abc into the 
position a’b’c’, and moving along curve II as before. 

The point , where curve I crosses the axis of ordinates, 
locates the terminal voltage at which the motor will draw full 
load current when. running at synchronous speed without 
excitation. In order to find the current drawn on full voltage 
od, draw de parallel to ac and construct the triangle efd similar 
to abc. The required current can either be found from the 
relation 


alike 
Se ier 


or by transposing the triangle into the position e’f’d’ and taking 
the current from the short-circuit curve at the point m directly 
above. Were it not for the saturation of the iron, which causes 
the no-load saturation curve to deviate from a straight line, the 
perpendicular line through f’d’ would cut the no-load saturation 
curve at the point p. 

The above treatment can therefore be simplified into the 
following simple rule: ; 

Neglecting the saturation of the magnetic circuit,a synchronous 
motor running on any voltage at synchronous speed without 
excitation, will take from the line a current equal to the short- 
circuit when run as a generator with the fields excited to a 
value corresponding to the above-mentioned open-circuit volt- 
age. 

The copper loss of a squirrel-cage winding of a self-starting 
synchronous motor can be calculated by the same method as 
that employed for induction motors. The following formula I 
have used with good success for induction motors, and although 
it does not go into the refinements to the extent of Mr. Fech- 
heimer’s formula, it gives results whose accuracy falls within 
the variation of the resistance of the composition metal in the 
end rings. 

Squirrel-cage copper loss in watts 


: eo 2R + Resp |i 


I, = the current per rotor bar. 

R,= the resistance of one rotor bar. 

s = the number of rotor bars per pole. 
= the number of poles. 


R,= the resistance of one end ring measured clear around its 
circumference. 

C.J:Fechheimer: It is indeed gratifying to me to have heard 
from so many prominent engineers that most of the conclusions 
at which I arrived in my paper are in accordance with their own 
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views. I was to some extent expecting opposition to a number 
of my conclusions, especially in reference to the size of air gap 
and the good results which it is possible to obtain with the 
synchronous motor at starting as compared with the squirrel- 
cage induction motor. 

Mr. Williamson speaks of the prevention of the current rush 
accompanying the throwing over to full voltage when the fields 
are excited with direct current. The method which I favor con- 
sists in keeping the stator circuit closed and at the same time 
having sufficient current in the fields of the motor to enable the 
power factor to come approximately to unity when throwing 
on the higher voltage. In this way the current is reduced rather 
than increased. 

The explanation offered by Messrs. Williamson and Lamme 
of the tendency to refuse to accelerate beyond half speed when 
the field circuit is closed upon itself, I believe accounts for the 
phenomenon better than the theory I advanced. After more 
mature consideration, I am quite willing to agree with these 
gentlemen that this tendency is due not to higher harmonics, 
but rather to the single-phase reaction of the rotor upon the 
polyphase stator. - 

In regard to Mr. Newbury’s question in reference to the rotor 
construction of the motors which were tested, I would inform him 
that the solid pole rotors were not provided with any kind of 
squirrel-cage winding; only those curves shown in Figs. 7 and 
8 pertain to motors with amortisseur windings, the construction 
consisting of bars in the poles which were connected at the ends 
with continuous rings. Figs. 7, 8 and 9 refer to the same motor; 
the amortisseur windings had been removed in tests plotted 
in Fig. 9. 

In general, I do not think it advisable to connect the field 
rheostat in series with the rotor at starting. It is possible that 
the motor Mr. Newbury has in mind is different from those I 
am familiar with. It is seldom that the field rheostat has a 
resistance more than four times that of the field. In order to 
obtain more favorable starting conditions the resistance in the 
field circuit should be approximately equal to the reactance 
thereof. Usually the reactance is more than one hundred times 
the resistance. Hence, with the rheostat in series, the resistance 
in the field circuit would be approximately equivalent to one- 
twentieth of the reactance. Therefore, this resistance is entirely 
too small to secure small line current for a given torque. The 
unfavorable results obtained by short-circuiting the fields or by 
having a comparatively small resistance in series with them, is, as 
one would suppose, less marked when the amortisseur winding is 
present than when it is removed. This can be seen by a study 
of Figs. 3, 4, 7, 8 and 9. 

It would seem that Mr. Newbury has achieved remarkably 
good results in the 200-kv-a. synchronous motors, and this would 
tend to bear out more fully the statements that have been made 
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by others contributing to this discussion, that the synchronous 
motor, when properly and carefully proportioned for starting 
conditions, can be made comparable to the squirrel-cage induc- 
tion motor. 

In regard to Mr. Dudley’s statement to the effect that all of 
the losses in the rotor are not necessarily productive of torque 
at the instant of breaking loose from rest, I would refer him to 
item 7 in the paper under ‘‘ Determination of Starting Charac- 
teristics with Laminated Poles and Amortisseur Winding ” as 
follows: “‘ Losses due to a pulsating component of flux not 
productive of torque.” This I believe covers the condition 
which Mr. Dudley pointed out. In this connection, however, 
I would call attention to the inaccuracy of commercial starting 
tests. When an error from tests is as great as Mr. Dudley 
describes, it is usually due to the pronounced effect of bearing 
friction, to overcome which a considerable portion of the developed 
torque is required. 

There is no doubt that the high potential induced in the rotor 
circuit is undesirable. From comparisons which I have made 
between solid and laminated pole machines, I am inclined to 
believe that solid pole machines give rise to lower induced poten- 
tial than those with laminated poles. As Mr. Foster says, 
however, much depends upon the resistance of the amortisseur 
winding. For a given flux entering the pole heads the induced 
potential in the rotor coils is decreased as the resistance of the 
amortisseur winding is lowered. There is, however, this dis- 
advantage—the line current drawn for a given starting torque 
is materially increased, and the starting torque for a given 
impressed electromotive force on the stator terminals reduced, 
by the low-resistance squirrel-cage winding. On the other hand, 
if a carefully proportioned high-resistance amortisseur winding 
is used, less flux and less stator potential is required for a given 
starting torque, and with this lower flux I do not believe a pro- 
hibitively large potential is induced in the rotor coils. Com- 
parisons I have made lead me to believe that the induced 
potential for a given starting torque with a high-resistance squirrel- 
cage winding is not very different from that with a low-resistance 
winding. On the other hand, however, with solid poles, the 
induced potential in the rotor coils is much lower than with a 
high-resistance or even low-resistance squirrel-cage winding when 
the poles are laminated, due, of course, to the skin effect; at the 
same time the currents are crowded into such a thin shell that 
the torque is increased rather than decreased. 

Ass Mr. Foster reminds me, the statement which I made in 
my paper in respect to the number of slots in the rotor as being 
dependent upon the judgment of the designer, is somewhat vague. 
If the motor is to be directly coupled to an unloaded, reciproca- 
ting air compressor, the starting torque should be greater than 
the torque during acceleration. In such cases, therefore, a 
high-resistance winding is desirable. The variation of starting 
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torque for different positions of the rotor when the number of 
rotor slots is an exact multiple of those in the stator is very much 
less with a high-resistance squirrel-cage winding than with one 
of low resistance. Hence, when starting air compressors with 
the high-resistance winding, it should be satisfactory to pitch the 
rotor slots a multiple of the stator slot pitch. On the other hand 
if the motor is to be directly coupled to a centrifugal pump which 
is usually high-speed, the pole pitch will be large and the air 
gap long. We can, in general, apply the same rules to the losses 
in the squirrel-cage winding when operating at synchronous 
speed if the rotor slot pitch is not a multiple of the stator slot 
pitch, as apply to solid poles and open slots. By making the 
slot pitches in the stator and rotor small enough we can effectively 
eliminate eddy current loss when the large air gap is taken into 
consideration. When driving centrifugal pumps the high 
torque is needed just below synchronism, hence a low-resistance 
winding should be used to make the slip as small as possible. 
This, then, implies that the pitch of rotor slots should be other 
than a multiple of the stator slot pitch. Ina similar way each 
case can be decided upon its own merits, in the same manner 
in which the designing engineer is called upon to use his judg- 
ment in proportioning other parts of the apparatus. 

As Mr. Lamme says, it is a little difficult to understand why 
the synchronous motor pulls into synchronism instead of 
“slipping ’’ as is the case with induction motors. Also, as 
Dr. Steinmetz states, the motor would not pull into synchron- 
ism without direct current in the field coils were it not for the 
peculiar configuration of the rotor. I have usually compared 
_ this phenomenon with the tendency of the shuttle-wound 
armature used in magnetos to fall into line with the per- 
manent poles. This, of course, follows the fundamental laws 
and conceptions of the magnetic field. With the distributed 
winding type without definite poles, there would be no ten- 
dency to lock into synchronism unless direct current were ap- 
plied to the field coil. With definite poles, as is illustrated 
by the tests given in the paper, when the rotor is near synchron- 
ism the ‘‘ pull-in ”’ effect is more pronounced, due to the poles 
being more clearly defined. In the definité pole machine 
at synchronous speed without direct current in the field coils, 
the excitation is produced by currents in the stator which set 
up a field revolving at synchronous speed. Neglecting power 
factor, qualitatively but not quantitatively, the same effect 
is produced as with direct current in the field coils. 

Mr. Lamme has compared the excitation of the inductionmotor 
to that of the synchronous motor. The question naturally 
arises: why do we have to supply so many more ampere-turns 
in the synchronous motor than we do in the induction motor? 
The answer of course is that we must take up these ampere-turns 
in various parts of the magnetic circuit to prevent the motor 
from falling out of step when the load is placed upon it. In 
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other words, approximately five times as much magnetomotive 
force is required to hold the rotor in synchronism as would be 
the case with a certain ‘‘ slippage.” 

This brings up another interesting question: why cannot a 
phase-wound rotor, star-connected, be used to advantage in a 
synchronous motor if all of the rotor winding is employed in 
the ordinary way for starting and two legs of the star be excited 
with direct current for synchronous operation? We could, of 
course, use a large air gap, for, as has been pointed out, the large 
air gap is not a bad feature as regards starting. With the rotor 
construction ordinarily used in synchronous motors—motors 
with definite poles and edge-wound single layer fields—we 
have the ideal conditions for cool operation. On the other 
hand, with a phase-wound rotor construction we are extremely 
limited in space and unless the motor be made very large, it 
would be difficult to get sufficient ampere-turns in the rotor 
for leading power factor, or in many cases for unity power 
factor, to provide a liberal pull-out torque, unless prohibitively 
high temperatures are obtained. In other words, a good in- 
duction motor will not make a good synchronous motor. 

Dr. Steinmetz calls attention to the valuable characteristics 
of the synchronous motor in that it can be used to great advan- 
tage for voltage regulation, and at the same time can pull a 
mechanical load. It is for this reason that the tendency is 
toward using the synchronous motor in preference to the 
induction motor. This is also true where slow-speed motors 
are required, such as are used for driving reciprocating air 
compressors. The speed is then so low that the induction 
motor has extremely poor power factor, whereas the synchro- 
nous motor can be used to advantage to improve the power 
factor of the system. Were we compelled to resort to the use 
of an auxiliary device for starting such apparatus, it would not 
come into use to nearly so great an extent as with self-starting 
motors. 

The method which Mr. McCormick has proposed for predict- 
ing the amount of current which would flow when the motor 
is in synchronism and without direct-current excitation, de- 
pends upon a number of approximations. As this current 
usually flows for a short interval, it is seldom important that 
it be predicted with great accuracy, and hence approximations 
which appear in Mr. McCormick’s method should give sutffi- 
ciently accurate results for commercial purposes. This 
brings up another interesting point in connection with the size 
of air gap, previously referred to. When ‘operating at syn- 
chronous speed without direct-current excitation, the current 
drawn from the line depends almost wholly upon the magneto- 
motive force required to force the flux across the air gap. 
This current can be greatly reduced by exciting with direct 
current while operating on fractional voltage, as has been 
stated. 
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The formula which Mr. McCormick has given for calculating 
losses in the conducting circuit of squirrel-cage induction motors 
is similar to that which I have used. It depends upon a sinus- 
oidal space distribution of flux. I do not think that we 
could apply this formula to the case of a synchronous motor 
in which the distribution of flux is so far from being sinusoidal 
due to the peculiar rotor configuration. 
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DIRECT-CURRENT AND ALTERNATING-CURRENT 
MILL MOTORS FOR AUXILIARY DRIVES 


BY BRENT WILEY 


Drrect-CurrENT Mitt Type Motor 

Motor drive for the auxiliary apparatus of steel mills, includ- 
ing tables, screw-downs, cranes, charging machines, etc., has 
been used for about twenty years. The application of motors 
to the various machines was naturally a very gradual process. 
The conditions were very unusual, as the work was of an ex- 
tremely severe nature, requiring frequent starting and stopping, 
rapid acceleration and sudden stops. Motors had to operate 
in very hot and dirty places and in a majority of cases gear 
drive was used. The mills were operated for 24 hours a day, 
six days a week. The manually operated direct rheostatic 
controller was the only type available, and this meant heavy 
overloads during starting and reversing periods. 

These several applications require motors ranging from 
about 5 h.p. to 150 h.p. on an intermittent rating basis, with 
speeds ranging from about 800 to 450 rev. per. min. respectively. 

Motors for industrial purposes were available only in a few 
types and these were not very suitable for the severe require- 
ments. The best solution of the problem was to modify the 
types of series-wound motors used for street railway work, for 
the sizes above 25 h.p., and the lighter types of motors were 
used for the smaller sizes. Changes were made in the frames 
of the railway motors, adding feet and suitable supporting lugs, 
omitting countershaft brackets for some styles, making windings 
suitable for 250-volt instead of 550-volt circuits and modifying 
the full load speeds. There are several hundred thousand horse- 
power of these motors which have given years of good service 
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in the iron and steel industries, but a careful study of the results 
showed that the cost of maintenance was high, and for the 
more severe reversing service the reliability was often question- 
able. A comparison of the service given by the older types 
of motors and by the more recent mill type motor will be given 
later. 

About 1905 a very careful review of steel mill requirements 
was made, in consultation with a majority of the electrical 
engineers of this industry, to ascertain the features which should 
be included in a mill type direct-current motor. Many of the 
electrical engineers of the steel companies keep very accurate 
records of the service given by the motors installed. The repairs 
on each motor are kept in detail, in some cases, although the 
armature repairs are usually the only items compiled by yearly 
records. These data were of particular value in determining 
the principal features of improvements to be incorporated in 
the new motor. Thus, by combining the skill and experience 
of the manufacturer and the mill engineer, a most satisfactory 
design of motor has been developed. 

The principal features that have been recommended to be 
included in the design of a motor for mill and similar work are 
as follows: 


1. Motor designed for intermittent service, 220 volts, with series and 
also compound windings, the latter to give approximately twice full load 
speed at no load. 

2. Sizes ranging from 5 h.p. to 150 h.p. intermittent rating, with moder- 
ate speeds. 

3. Large massive steel frame with well ribbed foot supports. 

4. Large shaft. 

5. Liberal face and pitch of pinion and gears. 

6. Bearings split, bolted together and provided with eye-bolts to 
facilitate handling of armature. 

7. Oil ring lubrication and dust-proof bearings. 

8. Improved methods of preventing oil creepage along armature 
shaft to winding and commutator. 

9. Tapered shaft extension, with retaining nut exterior to pinion, to 
facilitate removal of pinion or brake wheel. 

10. Armature built on a spider to facilitate removal of shaft and 
insure rigid construction. 

11. Fire-proof windings (armature and field coils.) 

12. More substantial methods of holding armature coils in place, 
including banding wires sunk below surface of laminations and coil 
supports at end. 

13. More liberal commutator surface. 

14, More substantial and better insulated type of brush holders. 
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15. More convenient design of frame for inspection and replacement 
of brushes or brush holders. 
16. Commutating pole features which give the following advantages: 


a. Practically perfect commutation under all conditions of load 
and voltage within the capacity of the motor. 

b. No injurious sparking when the motor starts with-very high 
torque or is momentarily overloaded. 

c. Greatly increased working capacity, owing to the increased 
commutating ability. 

d. Low repair expense and great reliability of operation, owing to 
long life of commutator, brushes and brush holders. 


As many parts as possible should be made in duplicate, in- 
cluding armature shaft extensions on each end, bearings, field 
coils and brush holders. These features simplify the construc- 
tion and also the maintenance of the motor. These several points 
can best be amplified by referring to the engineering considera- 
tion of the details of design. 

The frame should be of cast steel and arranged for ease of in- 
spection of parts, with large openings for the inspection of the 
commutator and adjustment of the brushes. 

The armature should be so designed that the shaft can be 
removed without disturbing the windings or the commutator. 
The flywheel effect of the armature should be low, to minimize 
power required for acceleration and reversing. 

The insulation of the armature and field coils should be cap- 
able of standing high temperature (at least 150 deg. cent.) 
without undue deterioration, and particular care should be 
exercised in safeguarding the windings against mechanical 
injury that might be occasioned by excessive speed of armature 
and vibration of motor, due to sudden shocks of stopping and 
reversing. 

The commutator should be of liberal design and the current 
density of the brushes should be approximately one-half that 
used for the older types of motors, being about 40 amperes per 
sq. in. (6.45 sq. cm.) for the average motor. Grounding of the 
commutator at the V-rings has been one of the serious troubles 
in the older types of motors and particular care should be taken 
to guard against this collection of grease, oil and dust. It 
would be well to enclose the commutator thoroughly in the rear, 
and where oil ring lubrication of the bearing is used, the follow- 
ing suggestions are made to prevent creepage of oil along the 
shaft to the commutator and windings: oil bearings drilled 
at the ends to provide drainage back into oil cells; halves of 
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bearing bolted together; splash guard provided around } 
ring and oil thrower used on shaft. a 

It would be an advantage to have split bearings to facilit: 
their replacement without disturbing pinion or brake whe 
and a projecting lug to prevent turning of the bearing, instead 
a dowel pin, would be an improvement. For handling the ar 
ture, a permanent eye-bolt in the bearing provides a rea 
means and is much preferable to the use of a rope sling. 

Long life of the bearings is a very desirable characterist: 
and this is best secured by means of oil ring lubrication. 
would be well, however, to have the bearing so designed tha 
grease lubrication can be easily provided for some cases, suc 
as a motor that has to be tilted through a wide angle. 
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The brush holder should be of rigid design, firmly held in 
place and well insulated to prevent grounding, as motors are 
required to operate in places that are dirty, sometimes very hot 
and often quite damp. 

A great deal of attention has been given to the subject of 
rating for mill motors. The service for which they are used is 
of an intermittent nature with wide variations of load within 
short time intervals. As a general basis, the ratings are given 
as the horse power developed with a maximum temperature 
rise of 75 deg. cent. in the core and windings and 80 deg. cent. on 
the commutator, for continuous operation at normal voltage 
for a period of one hour. It would be well, however, to give 
a takle of ratings ranging, say, from 5 hours to } hour, and as 
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the motor is in actual service only a portion of the time, the 
ratings should be given at reduced voltage at the motor termi- 
nals. The voltage at the motor terminals is practically propor- 
tional to the speed during the accelerating and retarding 
periods, and a very practical way to estimate the average voltage 
is to plot the speed-time curve of the motor for the particular 
cycle in question. 

To select a motor for intermittent duty, having given the 
load, the time on and the time off, a very practical method is to 
estimate the continuous capacity required, by the square root 


_of mean square method. 


In the majority of cases, intermittent service means the 
repetition of a rather definite cycle of operation for several hours. 
This cycle should be plotted in order to determine the load, the 
time on and the time off. Take, for example, the hoist of an 
ore bridge with the following conditions: 


losinipab cel sets cterctiys 3 isto aus Sis PA neh ed Be 50 h.p. 8 seconds. 

Hoisting bucket with load). 5. asics ssc ev sors.s we ee ce 120 h.p 102 * 

TOS OYURER G2 Eolas hres, ices 6 ORE CREE arte ae ear 0 h.p W@ °C 

Opertiarpuoac eta cp rae aeicincacarasnane racy sk eraliot over ouieusvta oaaus ts 20 h.p Ser" 

PROMS AOUL a sett perema erst Je ehenearec ies ac oh aPRT eR 5.555508 & oho suas 0 h.p LOW a€ 

Lowering bucket with dynamic braking............ 50 h.p fy 
ICE TO RIO SS Sigh) Sekai, Sct Hepes i ae eee 55 seconds, 


This cycle to be repeated for a total period of 5 hours. 


The two principal factors which are taken into consideration in 
determining the proper size of motor are commutation and 
capacity from the standpoint of heating. Making proper allow- 
ance for the peak load due to acceleration, the data given above 
are sufficient to determine the question of commutation, but 
the heating effect of this varying load is a rather complex 
problem. It is probably best expressed in terms of an equiva- 
lent continuous load, it being noted that the voltage at the motor 
terminals is reduced in accordance with the speed-time curve, 
as mentioned above. 

A practical way of approximating this equivalent continuous 
load is by means of the square root of mean square method, 
which is as follows: 

Square the load and multiply by the time for each part of 
the cycle; add the several results; divide by the total time of 
one cycle, and extract the square root of the quotient. The 
result is the load which, if applied to the motor at the average 
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voltage, will produce the same heating effect as the varying 
load. Thus, for the example given above, 


50?X8 = 20,000 


120? x 10 = 144,000 
20?X8 = 3,200 
50?X9 = 22,500 

55) 189,700 


3,450 V3,450=59 h.p. 


It would therefore be a convenient reference to have the motor 
ratings given for various periods ranging from 15 minutes to 
5 hours on the continuous basis, and at reduced voltage at motor 
terminals, to provide a ready reference, as for example: 


eh a aee rte 62 h.p.........650 rev. per min. series-wound. 
44“ 63:56 Serene 5 O40mies) Berne s 
Ae OIE a, chet Gb 630m acu . 2 
34 “ : 68 : 5 “ 618 “ “ “ “ “ 
3 “ . Fal, : 5 «“ 605 “ “ « « « 
23 “ : 76 5 5 “ mee 577 “ “ «“ «“ «“ 
Dele SMR ce, 83 . e000 ace ae 4 
1 rota al 91 A015 a Seen - . 
eae nse tee 100 Ce. Bey gst ooh Lead x . 
3 “ 150 «“ $x. 400 “ “ “ “ “ 
: Eee oe & 190 - iS CO EN aae “that . 


Experience shows that in general steel mill work the all-day 
operation of motors on intermittent service gives a heating 
effect equal to a continued repetition of the cycle of operation 
for five hours. This is because of unavoidable delays encountered 
in actual service. It is therefore usually safe to select the size 
of motor for all-day service on the five-hour basis. 

Regarding the performance, the mill motor should be capable 
of standing a heavy overload current, 300 or 400 per cent of 
full load current, for short intervals, say 5 seconds, without 
injurious sparking, and the momentary safe torque should be 
at least 100 per cent more than this value. These features 
increase the working capacity of a motor for some severe appli- 
cations, as the heating becomes the limiting factor instead of 
the commutation, and as fire-proof insulation is provided, a 
safe working temperature is assured, much higher than that 
of the older types of motors. Cotton insulation will stand a 
temperature of 90 deg. cent. without undue deterioration and 
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the insulation of mill motor windings should stand 150 deg. 
cent. safely, which is more than a 60 per cent increase. 

The advance in the art of electrical engineering in the steel 
industry insures a more accurate selection of motor size for the 
various applications; and the recently developed types of con- 
trollers provide special protection against unnecessarily severe 
conditions being imposed on the motors. While these factors 
are a distinct advantage, it is the many points of superiority 
in design which insure the durability and reliability of the mill 
type motor. Data have been obtained from the records of the 
electrical departments of several of the large steel companies, 
relative to the service given by railway crane type, 220-volt, di- 
rect-current series motors and mill type motors. 


ONE-YEAR RECORD OF ARMATURE REPAIRS 


25-h.p. railway | 25-h.p. mill | 50-h.p. railway | 50-h.p. mill 
crane type. type. crane type. type. 
OS: CANE sce ie sees, spe wtente 742 117 341 LT 
On floor machinery...... 247 68 80 30 
TROtALS anion’ santana eats 989 185 421 47 
New armature coils (sets). 400 6 306 4 
New commutators....... 255 0 181 0 
INe@w SOattsinicaiech.sicrtie helene 71 0 30 0 


Average plant operation during year, 75 per cent of normal capacity. 


It should be noted that the railway crane motors have been 
in service for more than 10 years and the mill motors less than 
two years, average, and therefore the figures given above are not 
on an even comparative basis. Making a liberal allowance, 
however, for deterioration and wear for the mill type motors, 
as figured from the records of those in service for the longest 
period, the comparison of the durability of the two types of 
motors is as follows: 


Average life of armature. 
Railway crane type motors.......... 


Mall ipy perm Obie. | usm crise tte ata sis yee 


ALTERNATING-CURRENT Mitt Type Moror 


The majority of power station improvements of industrial 
plants have of recent years included alternating-current genera- 
tors, principally on account of the economy of transmission and 
wide range of practical sizes of generator units as compared 
with direct-current power. The steel industries have followed 
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this practise with but few exceptions, and, principally on account 
of slow motor speeds sometimes required, 25 cycles has practically 
been adopted as astandard. It is both economical and desirable 
to utilize this power as directly as possible, and alternating- 
current motors are preferable for the auxiliary drives, except 
possibly for a small percentage of applications where the work 
is very severe, requiring very rapid acceleration and frequent 
reversals. The direct-current series-wound motor has character- 
istics best suited for these particular requirements, but on 
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Fic. 9—Moror-DRIVEN ROLLER TABLE 
22 rollers, 1300 1b. each 


analysing steel requirements in general, it will be found that 
these are few. 

The general features of the alternating-current mill motor 
to meet these severe conditions should be the same as recom- 
mended for the direct-current motor, with sizes ranging from 
about 5 h.p. to 150 h.p. and speeds ranging from 750 to 375 
rev. per min. (synchronous). 

The frames should be of cast steel and the construction of 
motor very strong and rigid throughout. The design should be 


such that all parts are easily accessible for inspection, adjust- 
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ment and repairs. Reliability and durability should be given 
particular attention, and it is recommended that fire-proof 
windings of rigid construction, firmly held in place, large shafts 
and other features to insure liberal safety factors throughout 
be included. 

The performance should be such that high starting torque is 
obtained with comparatively low starting current, and the pull- 
out torque should average about three times full load torque. 

In order to obtain the best starting conditions with the 
alternating-current mill motor, a careful study of the require- 


0 100 200 300 400 500 ft.1bs. 
TORQUE 


Fic. 13—-CHARACTERISTIC CURVES OF 33-H.P. WoUND Roror 
A-C. Mitt Moror 


(1 hr.-75 deg. cent. temperature rise) 


ments and the motor characteristics is necessary and is a much 
more important feature than for the direct-current motor. This 
point can be emphasized best, perhaps, by giving a review of 
the starting characteristic curves of the alternating-current 
motor. 

*“TIn determining the best starting condition, the current 
supplied to the primary must be considered in connection 
with the speed-torque curves. This current is plotted with the 


a 
*Extract from an address on ‘‘ The Polyphase Motor” by B.G. 
Lamme, presented at the twentieth convention of the N.E.L.A., 1897. 
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series of speed-torque curves shown in Fig. 14. Referring to 
this figure, curve A represents the primary amperes in terms of 
torque. Starting at the point B of no load or zero torque, it 
rises at a nearly uniform rate until maximum torque is ap- 
proached, that is, below the point of maximum torque the cur- 
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Fic. 14—FuLut SPEED TORQUE AND CURRENT CURVES OF POLYPHASE 
Motor witH DirFERENT SECONDARY RESISTANCES 


tent is nearly proportional to the torque, but beyond this point, » 
the current continues to increase, and reaches a maximum at the 
torque represented by zero speed. At reversed speed, this 
current is further increased. This one current curve holds true 
for all the speed-torque curves a, b, c, d, etc. 
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“Comparing the different curves, we see that a takes the most 
current at start, and gives low torque, b takes less current than 
a, and gives more torque; c takes less current than 0b; d takes 
less current than c and gives the maximum torque at start; 
e takes less current than d, and develops less torque, but the 
current and torque are very nearly in proportion over the whole 
range. From this we see that a speed-torque curve of the form 
d or e is decidedly better for starting than a or 6. But for run- 
ning at less than the maximum torque, there is no advantage, 
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Fic. 15—STARTING CONDITIONS WITH VARIABLE SECONDARY 
RESISTANCE 


so far as current is concerned, in curve d over curve a, and the 
speed regulation of d is poor. 

“Fig. 15 represents the condition of speed, current, etc., 
when a variable secondary resistance is used in starting. The 
motor starts with torque indicated by f on the curve d and takes 
current g. The current falls to h while the speed rises to 7 
which corresponds to the normal torque T at which the motor 
will run under the given conditions as long as it operates on 
_ curve d, the speed meanwhile remaining at 7. If the resistance 

in the secondary is now short-circuited, and the load thus shifted 
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to the speed-torque curve a, the torque at the speed 7 increases 
to k on the torque curve a. The current corresponding to this 
is 1; as the torque k is greater than the normal torque T, the 
motor will increase until normal torque is reached again at m, 
while the current falls from 1 to h. 

“At the moment of cutting out the secondary resistance, 
there was a very considerable increase in the current. By 
arranging the starting resistance in the secondary so that the 
motor will start at some curve intermediate between a and d 
and thus take more current at start, somewhat less would be 
required upon switching to curve a. If curve a is used for 
starting, and if the torque required when speeding up is greater 
than at the point where curves a and e cross each other, the 
motor will not pull up, because in switching from e to a the torque 
falls, and the motor will stop. The current in switching over 
increases to » and then rises to 0 as the motor stops. In this 
case, the resistance that gives curve e is too great, and a lower 
starting resistance is required. 

“By making several steps in the secondary resistance, so 
that it can be cut out gradually, the motor can be made to pass 
through a series of speed-torque curves with much smaller 
variations of current than shown in the preceding diagram.” 

It can be stated generally that in the case of the alternating- 
current motor, the torque is proportional to the current, with 
properly regulated resistance steps. In starting, the torque of 
the direct-current series motor is in a somewhat greater propor- 
tion—twice full-load current giving 214 times full-load torque 
(see Fig. 7)—and it is not necessary to govern the cutting out 
of the resistance so accurately to insure a continued high torque. 
These conditions can, however, be properly provided for in the 
case of the alternating-current motor. Magnetic controllers 
can be provided which automatically govern the cutting out of 
the resistance to the best advantage, and with the hand-operated 
controllers, a little training and care on the part of the operator 
will give the desired results. These inherent features of the al- 
ternating-current motors protect the driven machines from 
abnormal shocks, as well as protecting the motors themselves 
‘from mechanical abuse. 

The direct-curren¢ series-wound motor has high speed at light 
loads, which is a desirable feature for the hoist of a crane motor. 
As the speed of the alternating-current motor varies but little with 
change of load a somewhat larger motor is required to give a speed 


a 
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which will be equivalent to the average of the light-load and 
full-load speed as given by the proper direct-current motor. 
For example, if the hook speed is 40 ft. (12 m.) per minute no- 
load and 20 ft. (6m.) per minute full-load with the direct-current 
motor, an alternating-current motor capable of giving a speed of 
30 ft. (9 m.) per minute is required to accomplish a cycle of 
operation in the same time. In the case of the bridge travel 
and the trolley travel of the crane, the difference in motor char- 
acteristics is not so apparent, as the load is practically constant 
when up to speed. 

Motors designed with liberal starting torque will give satis- 
factory acceleration. 

The proper application of the alternating-current mill motor 
to give satisfactory service is not only a question of motor char- 
acteristics, but more particularly includes a thorough under- 
standing of the conditions to be met, and it is recommended 
that particular attention be given to the detailed analysis of 
requirements. With these more definitely established, a more 
general use of the alternating-current mill motor, with its many 
attendant advantages, is assured. 


— 
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Discussion on ‘f DirEcT-CURRENT AND ALTERNATING-CURRENT 
Mitt Morors ror Auxitiary Drives” (WitEy). Puirrs- 
BURGH, Pa:; Apri 25, 1912. ‘ 


Alexander C. Lanier: Mr. Wiley’s paper has brought out 
the principal demands made upon motors in mill and crane 
service and my remarks will be limited to direct-current motors 
suitable for such applications. Commutation is always a 
factor of first importance in the direct-current motor; service 
conditions met in mill work are much more severe than in the 
ordinary industrial application. During the operating cycle 
the load usually varies between wide limits, and momentary 
peaks may reach three or four times the one-hour rated load. 

The commutating pole motor is particularly suitable for 
such conditions. I shall only mention in passing the long-recog- 
nized principle underlying commutating pole design. By pro- 
viding at the point of commutation a flux closely proportional 
over a wide load range to the current commutated, its value in 
general such as to give straight-line reversal of current under the 
brush and its magnetizing current in series and therefore in 
time phase with the armature current, the commutating range 
of the machine is greatly extended. For motors in reversing 
service, with neutral setting of brushes, commutation is better 
provided for, in a properly designed commutating pole machine, 
under heavy overload conditions than in the normal non-com- 
mutating pole type at rated load. In the design of commutating 
pole motors of strongly drooping characteristics, slight over- 
compensation at normal load will add somewhat to the overload 
range of the motor. The short-circuit voltage per brush and 
per coil should also be kept within proper limits. 

In commenting upon the root-mean-square method for 
selecting motors for a given service, with known operating cycle, 
and length of time during which the cycle is repeated continu- 
ously, attention is directed particularly to the utility of a table 
of ratings covering a wide range of time period as indicated in 
Mr. Wiley’s paper. Besides the application in which there is 
practically continuous repetition of the cycle over five-hour per- 
iods, frequent cases arise in which the motor is subjected to 
very heavy loads of short duration, followed by long periods of 
light load or absolute rest. Since the temperature rise of a 
motor under loads of short duration is a function of the heat 
capacity of the machine more largely than its radiating proper- 
ties, the short-time rating of the motor in such cases forms a 
ready basis for its selection. 

M. A. Whiting: There is one point concerning which I 
should like to have Mr. Wiley go into a little further detail, 
i. e., he states that the heating effect of a varying load is best | 
expressed in terms of an equivalent continuous load with the 
voltage at the motor terminals reduced. I should be interested 
to know how great a reduction in voltage Mr. Wiley has in mind 
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and just what conditions such a rating at reduced voltage is 
intended to cover. For example, it could be made to cover 
merely the operation of the motor during accelerating periods, 
during which the voltage impressed on the motor armature 
varies from zero to full line voltage, or it could take account. of 
the probability of prevailing condition of low average plant volt- 
age. Further information on this point would therefore be 
of interest. 

The root-mean-square method, which Mr. Wiley explains 
and illustrates, is of course by far the best known and most 
widely used method for estimating the heating of a motor on 
a varying load, but in some cases this method introduces ser- 
ious discrepancies. It is therefore of interest to consider under 
what conditions the discrepancies occur and in which direction 
they affect the result. This is not a criticism of the use of the 
root-mean-square method in general, but merely a considera- 
tion of its application with reference to certain cases. ‘The 
accuracy of this method depends on the shape of the efficiency 
curve of the motor over the range of loads considered. Take 
for example, the curve in Fig. 7, covering a series motor with a 
nominal rating of 80 h.p. As the heating curve is not given, 
we may assume for the purpose of discussion that the con- 
tinuous capacity of the motor is one-half the full load current. 
In using the r.m.s. method for.a continuous cycle (7.e. for a cycle 
repeated continuously for, say, twenty-four hours) after de- 
termining the r.m.s. equivalent of the load we compare it with the 
continuous capacity of the motor for the allowable temperature 
rise. In doing this the assumption is made that the total kw. 
losses of the motor vary as the square of the load, or, expressed 
in other terms, the assumption is made that the per cent losses vary 
directly as the load. The efficiency curve assumed by ther.m.s. 
method therefore begins at the point of 100 per cent efficiency 
—zero load, and consists of a straight line extending down at 
an angle and intersecting the actual efficiency curve at the point 
corresponding to the continuous capacity of the motor (in the 
present case, Fig. 7 of Mr. Wiley’s paper, assumed at half load 
as stated above). Where the actual efficiency curve follows very 
closely this straight line, the r.m.s. method will be very close. 
But in the figure under consideration the actual efficiency 
curve crosses this straight-line efficiency curve at a considerable 
angle, so that the actual losses at heavy loads are less, and at 
very light loads are greater than indicated by this hypothetical 
straight-line efficiency curve laid out in accordance with the 
r.m.s. assumption. 

I have had occasion to work out a number of cases along 
this line (not, however, in connection with this paper), which show 
the following: 

First, if the loads in a cycle are at all times below the basic 
value with which the comparison is made (i.e., are at all times 
below the continuous capacity of the motor) the heating will 
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be greater than indicated by the r.m.s. method (although, of 
course, still below the capacity of the motor): 

Second, if the loads are all above this basic value, interspersed 
with periods of rest and periods during which the motor coasts 
without load, the heating will be less than indicated by ther.m.s. 
method. 

Third, if the loads are partly above and partly below the 
basic value, the losses may be greater or less than indicated by 
the r.m.s. method. Where the loads vary above and below the 
basic value in this manner, the errors due to the r.m.s. method 
showing too low losses at light loads and too high losses at 
heavy loads, tend to compensate, so that on this kind of cycle 
the discrepancy will usually be much smaller than in cases 
1 and 2. 

Referring to the induction motor curve, Fig. 7, we note that 
the efficiency curve is more nearly level at overloads than is 
the case for the direct-current motors, Figs. 7 and 8, 7.e. the losses 
for this induction motor deviate more greatly from the r.m.s. 
assumption, and the method is more inaccurate. In general, 
a motor with high iron losses and low armature and series field 
copper losses will vary more from the r.m.s. assumption than 
will a motor with large armature and series field losses and small 
iron losses. 

To compare the relative accuracy of the r.m.s. method for 
open and enclosed motors we may refer to Fig. 7, and consider 
this efficiency curve as applying to an open motor having a con- 
tinuous rating of 30 h.p. In this case the basic value assumed 
in using the r.m.s. method will be, as before, the continuous 
capacity of the motor (in this case 380h.p.). If we draw a straight 
line efficiency curve on this figure, in the same manner as pre- 
viously, but intersecting the actual efficiency curve at 30 h.p., 
these two curves lie close together over a considerable distance, 
and the r.m.s. method will therefore be much closer than in 
the case of the enclosed motor discussed above. 

In practically every open motor of normal design the losses 
- at the continuous rating of the motor are principally load copper 
losses, whereas with any enclosed motor, on account of the reduc- 
tion in continuous output, the iron losses form a large percentage 
of the total losses at the continuous rating of the motor. It 
will in almost all cases be true, therefore, that the root-mean- 
square method is liable to greater inaccuracies when applied 
to an enclosed motor than when applied to an open motor. 

R. B. Treat: There is a class of service to which the com- 
mutating-pole mill motor is not well adapted. We had an il-_ 
lustration on the screen of a screw-down motor and a front and 
back catcher table motor. This is the type of service referred 
to, requiring momentary high torque for very short times. 
The normal commutating-pole mill motor will easily stand 50 
per cent over its rated load. At 100 per cent overload that motor 
will commence to spark. At 200 per cent overload the sparking 
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of the brushes is worse than if there were no commutating poles 
present. Screw-down and catcher table service requires com- 
mutating capacity rather than heat capacity in the motor. 
The commutating poles should therefore be designed for the 
200 or 300 per cent overload current, but such a design is not 
found in commutating-pole mill motors of a size necessary for 
screw-down or catcher tables. 

It may be true that small commutating-pole mill motors (25 
h.p., more or less) have been run satisfactorily in the factory with 
three, four or five times rated load. The design which permits 
this in a 25-h.p. size does not prevail in a 75- or 100-h.p. size. 
There is no comparison between a small motor on factory test 
and a large motor on screw-down or table service. 

There is another feature, too. The peak current is instan- 
taneous, mounts to its maximum value, and then drops off within 
a small fraction of asecond. The flux set up by the windings on 
the commutating pole comes along a little later—after the cur- 
rent has subsided. It is not in synchronism with the load cur- 
rent. The load current is present without any commutating 
flux; there is sparking. The load current subsides, the com- 
mutating flux comes, and again there is sparking. For each 
rapid current change of great magnitude there are: two sparking 
intervals in a commutating pole motor and only one in a non- 
commutating pole machine. 

One sentence in the paper reads “ and the recently developed 
type of controllers provides special protection against unneces- 
sarily severe conditions being imposed on the motors.’’ These 
controllers protect both commutating pole and non-commutating 
pole motors against unnecessarily severe conditions. If the con- 
troller does it, why not omit the commutating pole entirely, 
and have a somewhat simpler machine? The author states that 
the torque of an a-c. mill motor is greatly dependent upon 
proper adjustment of resistances, while the torque of a d-c. motor 
is more independent of resistance adjustment. He then goes on 
to state that ‘‘ these inherent features ”’ of the a-c. mill motors 
protect the driven machines and the driving motor. It would 
seem more appropriate to state that ‘“‘ these inherent features ”’ 
of the a-c. mill motors are so troublesome as to recommend the 
abandonment of the a-c. mill motor, a conclusion which at least 
one steel mill has almost arrived at. 

Gano Dunn: The Standardization Rules, and, in fact, the 
standardization methods in all countries, are in need of a defini- 
tion of what the relation of the root-mean-square to the real 
capacity of an intermittently used motor is. 

The methods at present in use for rating intermittent service 
motors, as Mr. Whiting very properly pointed out, do not take 
directly into account the heat-absorptive capacity of the motor, 
nor do they take into account many other things, and, as he has 
said, the accuracy of applying the r.m.s. method really depends 
upon the shape of the efficiency curve of the particular motor 
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in question, not to mention the motor’s absorptive capacity and 
several other factors which might be named. 

When, in the early history of the Standardization Rules, the 
question was up of a simple way of determining, artificially, if 
you will, the efficiency of generators, the rules incorporated 
methods which, while not entirely accurate, were so simple 
that they became universally employed, such, for instance, as 
measuring the no-load losses and then arriving by calculation at 
the resistance and other losses, making a result that was partly 
calculated and partly measured. ? 

Now, just this kind of thing is needed in the case of intermit- 
tent service motors. Mr. Whiting’s discussion contributes a 
good deal in that direction. For instance, if we could adopt 
some standard type of efficiency curve, and assume it to apply to 
all intermittent service motors, and then make such modifica- 
tions in the r.m.s. rule as would cause that rule to be applicable 
to that particular type of efficiency curve, we would have secured 
an approximation that would undoubtedly be sufficiently close for 
all purposes, and would enable us to discuss intermittent service 
motors more intelligently than we now do. 

We ought then to add to any ratings arrived at by that method, 
a factor representing the absorptive capacity of the motor; so 
that, given what you might call the equivalent continuous load 
of a motor, or given its cycle in intermittent service, and stipu- 
lating that the standard or arbitrarily adopted efficiency curve 
for heating shall apply to calculations in connection with this 
motor, we would have, by applying to these results the absorp- 
tive factor, a method by which we could compare a German motor 
with an American motor, or with motors made in any country, 
and by which we could compare motors of different manufacture 
in this country, even if. their weight and absorptive capacity, 
and general characteristics, were very different. 

If Mr. Wiley’s paper and the discussion of it can stimulate 
the development of a method of arriving at some arbitrary basis 
of comparison between intermittent service motors better than 
the r.m.s. method, taking into account the absorptive capacity 
of the motors for heat, it will have done a great service. 

F. R. Fishback: Mr. Wiley has given some tables in his 
paper, and I get the general impression that he believes alter- 
nating current should be used for auxiliary drives. The prin- 
ciple argument in favor of the a-c. motor is the question of line 
transmission and commutator troubles, the big bugbear of all 
our troubles. With commutators designed to take care of the 
present-day loads, we can neglect the commutator question. 
In the table referred to, Mr. Wiley states that during a period of 
a year, and covering a large number of motors, no new com- 
mutators were put on, no new shafts were required and only 10 
new sets of armature coils. Six of these were for 25-h.p. motors 
and four for 50-h.p. motors. The total repairs, according to the 
table, have been purely a question of armature coils. I think it is 
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also safe to assume that in the list of motors taken, a large per cent 


of the motors were controlled with the manual controllers. I say. 


this because it has not been common practise until recently to put 
automatic controllers on motors of 50 h.p. or under. With 
automatic control on all of the motors in the table above, the 
number of new armature coils required could have been greatly 
reduced, if not eliminated. 

There is also the question of the electric brake that enters into the 
question of repairs ona motor. The d-c. brake is a much simpler 
one than the a-c. brake. A long-stroke plunger can be used, 
and this gives plenty of leeway and clearance in designing the 
brake. The d-c. brake consists of a steel casting, a winding anda 
steel plunger. The a-c. brake has a short-stroke plunger and is 
made up of laminated pieces, which chatter and easily get out of 
order. 

The d-c. motor is the only right motor for auxiliary drive. The 
d-c. motor has the advantage over the a-c. motor of speed con- 
trol and dynamic braking, and the most important advantage of 
all in that it will lift above its capacity until it burns out. This 
characteristic of the d-c. motor is most important in steel mill 
work where it is often cheaper to burn out an armature rather 
than wreck a more expensive machine or kill a man. 

A. G. Ahrens: In connection with Mr. Treat’s criticism of 
the commutating pole motor, that it is not able to stand heavy 
overloads of torque, I do not think Mr. Treat had in mind 
the mill motor. Mr. Lanier pointed out that the mill 
motor on ordinary loads is under-commutated, so to speak, so 
that on extreme overloads it is found that it commutates at its 
best. I have seen mill motors under a test with the special object 
of obtaining data as to their commutating ability, and I remem- 
ber one test in which the motor was rated at 25 h.p., mill rating, 
which is equivalent to an armature current of 1138 amperes, 
and under 400 amperes load, which is equivalent to over 350 
per cent of normal load, that motor was sparking slightly, a 
condition of commutation which would have been called good on 
any industrial motor. 

Brent Wiley: In regard to Mr. Whiting’s question concerning 
reduced voltage, this subject has been considered from the stand- 
point of average conditions for motors operating with widely and 
rapidly fluctuating loads. This average condition is assumed to 
be such that the average voltage during the entire day, where 24- 
hour service is required, is one-half normal line voltage. For 
example, if the normal line voltage is 230 volts, the average volt- 
age is figured at 115 volts for a cycle in which the motor is opera- 
ting at full voltage approximately 40 per cent of the total time; 
and the heating of the motor is calculated on the basis of the 
equivalent continuous current at this reduced voltage. Opera- 


tion with reduced voltage at armature terminals, due to insertion 


of resistance in series, for a greater percentage of time, would give 
equivalent results. 
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For a large majority of the applications for which the mill 

motor is particularly suitable, it is practically impossible to pre- 
determine the exact cycle of operation, including time and load. 
It has been determined, however, that by averaging the data 
and conditions for various installations in steel mills, the actual 
operating period of the motor is approximately 40 per cent of the 
total period, and the table of ratings given has been developed 
on the basis of average voltage at the motor terminals equal to 
one-half normal line voltage. 
_ It would be of advantage to take the motor characteristics 
into consideration when calculating the heating effect of a vary- 
ing load for those cases where the load curve can be predeter- 
mined accurately; and further investigation of this point would 
be of value. It is questionable, however, if the attempt to apply 
such a close theoretical analysis would be of practical value for 
the general application of mill type motors. 

Mr. Treat has questioned the ability of the commutating-pole 
mill motor to meet successfully the severe conditions of steel 
mill work. 

The particular function of the commutating pole feature is 
to give better commutation over a wider range of operating con- 
ditions than can be obtained by the non-commutating pole motor. 
With the conditions to be met well established, there are no 
reasons why the proper commutating pole features cannot be in- 
cluded and better results obtained. It istrue that, until a com- 
paratively recent period, the theory of commutating pole de- 
sign was not well established, and its application to motor 
‘design was therefore somewhat limited; but the unqualified suc- 
cess of the commutating pole railway motor is a forceful demon- 
stration that for even severe, intermittent and widely varying 
load conditions, commutating poles are of great advantage. 

Mr. Treat’s criticism of the commutating pole motor for use in 
heavy-duty reversing service seems. to be based on some par- 
ticular design. It has come to be recognized that motors must 
be designed especially for this service, electrically as well as 
mechanically. No one conversant with conditions would apply 
a motor in this service having the same mechanical design as a 
motor suitable for, say, printing press drive. It is important to 
have a liberal electrical design and the use of the commutating 
pole permits this without going to proportions of armature that 
would make the machine excessively large. It is perfectly prac- 
ticable to so proportion motors of the largest sizes required in this 
service that they will commutate the heavy overloads sparklessly, 
at the same time giving sparkless commutation on full load and 
lighter loads. 

The time lag referred to between the current inrush and the 
building up of the flux is very much less than might be supposed, 
since the ampere-turns on the pole are ample to force the flux, not 
only through the pole, but also through the gap. As the ampere- 
turns required for the gap are many times those required for the 
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iron part of the circuit, there is a very high m.m.f. forcing the 
rapid building up of the flux. 

Results actually secured with commutating pole motors in this 
service show that no injurious results follow from this very 
slight time lag. 

There are many applications of the commutating-pole mill 
motor being made on the mill machinery referred to by Mr. 
Treat, and from the preliminary tests that have been made, im- 
proved commutating conditions, as compared with those obtained 
with the older types of non-commutating pole motors, can be 
assured. 

The reference which was made in my paper to improvements 
in control apparatus has a more significant meaning than has 
been brought out in the discussion. The point is that these im- 
proved conditions make it possible in many cases to increase the 
working capacity of the motor by the use of commutating poles. 
The function of series relays and series switches is to limit the 
accelerating and braking current to a predetermined amount. 
In the majority of applications, rapid acceleration and retarda- 
tion are desirable—limited, however, to such values as are neces- 
sary to protect machinery and motor. With commutating pole 
motors these values of the current will be more dependent on the 
limits imposed by the machinery rather than by the motor. As 
the commutation limit has been raised, it means that the work- 
ing capacity of the motor has been raised. It becomes more a 
question of heating limitations and, as stated previously, fire- 
proof windings permit a much higher safe rise of temperature 
than can be obtained with the older types of motors. 

Regarding the question of the relative merits of the alterna- 
ting-current and the direct-current mill motors, as mentioned by 
Mr. Treat and Mr. Fishback, this is a very broad subject and it 
is not within the scope of this paper to give the various points 
proper discussion. There is no doubt that, for the most severe 
service, such as screw drives and reversing tables, the direct- 
current series motor has more advantageous characteristics. 
This is equally true of the hoist motion of cranes; but the question 
whether one type of motor or the other should be used should not 
be answered on this basis alone. With the increased attention 
which is being given the question of economies, there is good reason 
to believe that the application of the alternating-current mill 
motor will be made in accordance with the saving that it will in- 
sure. Much progress has been made regarding the design of an 
alternating-current mill motor with suitable features for this 
severe duty, and a careful study of the gradual applications by 
the designing and the field engineer will insure further progress 
in the successful application of this type of motor. 
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ELECTRIC BRAKING OF INDUCTION MOTORS 


BY H.C. SPECHT 


For various classes of work—for cranes, hoists, rolling mills, 
etc.—it is generally required that means be provided for stopping 
the motor quickly. When the electric power supply to the 
motor is taken off, the motor speed will gradually slow down, 
due to the friction load; however, the time required to bring 
the motor to a standstill by this method is generally too long, 
and other means have to be applied, stopping by brakes mechan- 
ically, electrically, or hand-operated, electric braking by alter- 
nating or direct current, etc. 

The object of this paper is to discuss electric braking by 
alternating current and by direct current. If the braking is 
to be effected by alternating current, it is necessary to reverse 
the rotating field in the motor. This is ordinarily done on a 
three-phase motor by reversing two of the primary leads, andon 
a two-phase motor by reversing the two primary leads of one 
phase. At the moment of reversal, if the motor is running very 
near synchronous speed, a frequency is obtained in the secondary 
approximately twice that of the primary, because the secondary 
frequency is equal to primary frequency multiplied by the slip, 
which in this case is approximately two. Further, the secondary 
voltage changes in the same ratio as the secondary frequency, 
therefore, if the secondary is running with double frequency, 
the secondary voltage will be twice the voltage at standstill. 
This necessitates either that the secondary winding be insulated 
for the double voltage or that only half voltage be supplied to 
the primary for braking. On small machines the secondary 
voltage at standstill is so low that the insulation is strong enough 
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to withstand the double voltage under the required operating 
conditions. 

On large slip ring motors, however, the secondary has to be 
designed for rather high voltage, in order to avoid too high 
currents. A higher voltage requires more insulation, while a 
greater current requires larger and more expensive switches, 
heavier leads and larger collector, etc. In order to meet the 
best conditions, it is necessary to make a fair compromise be- - 
tween the above advantages and disadvantages. 

If the rotor is star-wound, the voltage to ground can be 
reduced by grounding the neutral point, thus allowing a decrease 
of insulation to ground. However, the insulation between 
phases cannot be reduced, because the voltage between phases 
does not change by grounding the neutral point. 


ee 
iA, Le 


Fic. 1 


On very large motors, of several thousand horse power, it 
sometimes becomes more desirable to apply half voltage to the 
primary or to use direct current for braking. In the case of 
application of half voltage to the primary, auto-transformers and 
extra switches are required, which entails some extra expense 
and complication. The braking by direct current may be accom- 
plished by connecting the direct-current supply circuit to the 
primary as shown in Figs. la, 1b, 1c, to th. 

The connections of Fig. la for three-phase star, 1d for three- 
phase delta and 1g for two-phase, are generally used on account 
of their permitting the simplest switching. By using some of 
the other connections, a little can be gained in regard to the field 
form and to the least power requirement. 

From the preceding, it is to be noted that there are various 
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schemes for electric braking, and that in every case a thorough 
investigation should be made to see which of the methods will 
give the best proposition in regard to safety, simplicity, cost and 
other requirements. 

Before the alternating-current braking versus direct-current 
braking is discussed, a simple method will be given for each of 
them, indicating how to work up the speed-torque and ampere- 
torque curves. These methods are not claimed to be entirely 
accurate but are close enough for the practical purpose for 
which they serve. . 


METHOD OF BRAKING INDUCTION MOTORS BY 
ALTERNATING CURRENT 


If the secondary ohmic and inductive resistances are reduced 
PRIMARY to primary terms by multiplying 
the resistances by the squared 
ratio of primary to secondary 
turns, or by squared ratio of the 
primary to secondary voltage, 
the induction motor windings 
may be represented by the dia- 
gram of Fig. 2 
The following notation is used: 
é,=primary voltage between terminals. 
€g=secondary “ y ¢ 
i,=total primary amperes, equivalent to single-phase circuit. 
(for three-phase 1;= V3 Xterminal amperes.) 
( “ two- (s = 2 x “ “ 


SECONDARY 


Fic. 2 


19 = total no-load current. 

far Ss secotidary “ 

r, = primary ohmic resistance between terminals divided by 2 

1 = secondary “ “c “ “ “ “ 2. 
x; = primary inductive “ 3 S a eee 
X. = secondary “ “ tts “ “ “ 9. 


P, =total watts with motor locked. 
T = lb. torque at 1-ft. radius. 
S  =slip in decimals. 
no = revolutions per min. at synchronism. 
Assuming that the primary current with motor locked is 
nearly in phase with the no-load current, then we may write 


_V [Gi =%0) ex? — 
x1+%2= (41-4)? 


(1) 
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; 1 
12> - ae 
2 
V (n+) + (x1+%2)? (2) 
ix (1-5) XS 
hoo. = Seat 
iP 
746 
7 a hep. X 5250 
Pas’ (LS) 
These two formulas combined give 
is? XJ X 5250 
ee a eneqan 
i2xe 
1p X7.04 
or 7 % (3) 
,-2 
Sa eles 
eal (4) 


By introducing formula (2) into formula (3) and differentiating 
the new equation, it will be found that T is maximum when 


nto =Xi +X. 


Finally, the primary current 7; is obtained by adding geo- 
metrically the magnetizing amperes to the secondary amperes 
12. Those who are familiar with the circle diagram will obtain 
the current 7; very quickly from the diagram (see Fig. 3). 

The points Cy (no load) and C, (locked) are determined by test 
or calculation. A vertical line in the center of CoC, will pass 
through the center of the circle. For the above purpose, it is 
accurate enough to draw another line through Cy parallel to the 
base line, then the intersection with the vertical line on 
CoC, will be the center of the circle. 

As found analytically, the value for 7; (see Fig. 4) is as follows: 


- # 


é 2 
2 (n+) X t2 


valle / ro \2 (5) 
(n+) + (y+ x9)? 


ay ayes 
v( rhe )tevtea? 


or 


i= V (ig Xsin hot in)? + (a2 X cos Ha)” 
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EXAMPLE 
Motor. 2000-h.p., three-phase, 6600-volt, 25 cycles, 6-pole, 
star-wound, both primary and secondary. 
The tested values for full voltage of 6600 on primary are: 


49 =58 amperes total; no-load watts =32 kw. 
4, =1550 amperes with motor locked. 
= 1950 kw. with motor locked. 
7, =0.38 ohms. 
&, = 1700 volts. 


’ The resistance of secondary winding per phase at 40 deg. cent. 
=0.026 ohms; therefore the secondary resistance reduced to 
primary terms is 


6600 


oy =0.39 ohms 


Boe: 026 <x ( 


In Fig. 5, for the different speed-torque curves 1 to 9, the 
secondary resistances reduced to ene turns have the follow- 


ing values: 
Curve l. ro= 0.39 ohms without external resistance. 
ee 2 ro= 1.2 “  imclusive of “ ss 
(i3 Bo r2 — 92.4 “ “ “ & “ 
“ eM 19 = 5.0 “ “ “ 6 “ 
“ 5. ro = 8.0 “ “ “ & « 
(3 6. ro — 13 “ “ “ “ 
“ a, r2 = 20 “ “ an “ 
“ 8. r2 _— 34 “ “ “ck “ 
“ 9. ro py 60 {4 “ “ “ 


According to formula (1) 


1540 — 58) X 6600]? — 1,950,000? _ 
ek): L( A 10 58)" e— =4.37 ohms 
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For r2=0.39 and S=2 


>= eaten we Mle. Ac 1496 amperes 
0.39\” 
/ (0.3845) +4372 
1496? x 239 
= ——__——. X7.04= Ib. 
Z: 500 x7.04 on 9 


Then for various slips from 2 to 0, the torque curve 1 and 
the secondary ampere curve are obtained as shown in Fig. 5. 
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Fic. 5—AMPERE, SPEED-TORQUE CURVES FOR A-C, EXCITATION 


After the ampere curve for one speed-torque curve is determined, 
the torque curves for the various values of 72 with external 
resistance can be figured quickly according to formula (4). 
The primary amperes may be obtained either from diagram or 
may be calculated according to formula (5). It should be noted 
that the amperes plotted in Fig. 5 are total and not terminal 
amperes. In order to obtain terminal amperes, the’ values 
should be divided by V3. 

The torque curves above the zero base line (Fig. 5) represent 
the motive torque curves, and those below the zero line, the 


ee ee 
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braking torque curves. All these curves have the ampere curve 
in common, its lower branch corresponding to the upper branch 
of the speed-torque curves, and the upper branch of the ampere 
curve corresponding to the branch of speed-torque curves below — 
the maximum torque, or pull-out point. 

Further, it may be noted that for the most effective braking 
and with the least amount of current, a variation of resistance 
in the secondary is required. If, for instance, the motor should 
be stopped with a torque equal to average full load torque, and 
a current not greatly exceeding the full load current, the resist- 
ance should be decreased step by step until the motor stops. 
This is demonstrated in Fig. 5 by the heavy zigzag line. If a 
liquid rheostat is used instead of metallic resistance, it would 
be possible to change the resistance in such a manner that the 
torque and amperes would remain practically constant during 
the whole braking period. It is also obvious that unless reversal 
of the motor is wanted, the primary supply circuit has to be 
disconnected as soon as the motor comes to rest. 

In the foregoing example the braking was based on applying 
full voltage to the primary, and it may be of interest to know 
how the curves will change if lower voltage is used for the brak- 
ing. Since the ohmic as well as the inductive resistance remains 
unchanged, it is clear that the currents vary in the same ratio 
as the voltage, and that the torque changes with the square of 
the voltage or amperes. Therefore, the same curves which have 
been worked up for full voltage can also be used for lower voltages, 
simply by changing the ampere scale in the ratio of the voltage 
change and the torque scale by the squared ratio of the voltage 
change. This is done in Fig. 5 for half voltage. 

- Finally, it can be seen from Fig. 5 and formula (3) that for 
half the secondary resistance and the same current as for full 
voltage, the torque is reduced only to half the full-voltage 
torque value. Therefore, in order to brake the motor at half 
voltage with full-load current and half the full-load torque, the 
secondary resistance must be half that at full voltage. This 
torque, however, can be obtained only when the motor has at 
full voltage a maximum torque, or pull-out torque, of at least 
twice the full-load torque, because the maximum torque at 
half voltage will be only one-quarter of that at full voltage. 

If the motor has a squirrel-cage rotor, it is obvious that only 
one speed-torque curve can be obtained, due to the fixed resis- 
tance in the secondary, and in order to obtain a good torque 
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for braking, starting, or reversing, without an excessive current, 
the secondary winding must have a high resistance. Conse- 
quently this kind of motor is very inefficient under running con- 
ditions, due to the high secondary ohmic drop, and should, 
therefore, be applied only for very intermittent service, for 
elevators, cranes, hoist or similar work. 


METHOD OF BRAKING INDUCTION Motors BY DIRECT CURRENT 
The following notation is used: 
re =secondary ohmic resistance measured between terminals and 
divided by 2. 
x =inductive resistance at synchronism. 
S =slip in decimals (S = 0 at synchronous speed of motor). 
CS 1 standstill) 
no = revolutions per min. at synchronism. 
n= "4 « « © which motor runs. 
é, =secondary voltage between terminals at no-load speed. 
42 =total secondary current equivalent to single-phase. 
(For three-phase i2 = terminal amperes X V3) 
“ tywo- « ig ts « “ x Fi 
1s =total secondary short-circuit current for inductive resistance 
only. 
4, = total primary amperes. 
torque in lb. at 1-ft. radius. 
to = direct current for exciting. 
t; = number of turns per phase in primary. 
te = “ “ “ “ “ “ secondary. 
For the direct current for saa an alternating current can 


Se 
I 


be substituted, having a value of we times the direct current, 
and then, for synchronous speed, the voltage and short-circuit 
current in the secondary can be determined by transformation. 
The short-circuit current is equal to the equivalent alternating 
magnetizing current, reduced to the secondary turns. The 
secondary open-circuit voltage obtained by alternating-current 
excitation at standstill is the same as that obtained by the 
equivalent direct-current excitation when running at syn- 
chronism. However, in determining the corresponding alterna- 
ting short-circuit current, the distribution and the amount of 
winding which is excited by direct current has to be taken into 
consideration, 7.e., the current must be multiplied by another 


factor (C) besides we For example, the factor C for a three- 
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phase winding of which two of the phases are excited by direct 
current (see Figs. la and le) is equal to 1.15. 

According to the foregoing, the total short-circuit current 
in a three-phase secondary at synchronism which would be 
obtained if the rotor had inductive resistance only, and no ohmic 
resistance, is 


BINNS Outs 
os — a. G 6 
: V2 “« be ) 
and the equivalent primary alternating current is 
eae 
ipa a C for three-phase primary 
v2 
(7) 
: lo 2 
he TRE 6 two- “e oc 


After having determined the primary current, the correspond- 
_ ing secondary voltage e2 can be read off on the open alternating- 
current saturation curve, or in case neither the alternating- 
current nor the direct-current saturation curve is available, 
the secondary voltage can easily be calculated. 

After having determined the secondary short-circuit current 
and the open-circuit secondary voltage é:, the inductive resis- 
tance x is found by — 


= (8) 


Finally, the secondary current and torque for various secondary 
resistances and slips are given approximately by 


19 SS —————— - 
ro\? = 

Vey > 

pa ra «7.04 ¢ 
(10) 
or 

sat 7 04 (11) 

12° T2 


By substituting the value of 42 of formula (9) in formula (10) 


—_" 
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and differentiating this new equation, it will be found that the 


C : F T2 
maximum torque is always attained when We 


EXAMPLE 
In order to obtain a comparison between alternating-current 
and direct-current braking the same 2000-h.p. motor is selected 
for example. 
Assuming that the primary is excited by direct current across 
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Fic. 6—SATURATION CuRVES FoR A-C. ExcITATION 
Motor standing still, secondary open-circuited 


two terminals of the star winding and that this current is 100 
amperes, then, according to formulas (6) and (7) 


. 100 V3. 6600 
1s = ws x 1700 1.15=550 amperes total 


> LOO WS: 
1= mecr 1.15=141.7 amperes total 


The corresponding secondary voltage e2 for this current 
1,= 141.7 is found from the saturation curve of Fig. 6. 


€2 = 2420 volts 
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Then the inductive resistance x is equal to 


2420 
C= a7 a 4.4 ohms 


For the various secondary resistances 72, the following values 
are selected: (see Fig. 7) 


Curve 1. r2=0.026 ohms without external resistance. 
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Fic. 7—AMPERE, SPEED-TORQUE CURVES 
For direct-current excitation of 100 amperes. 


For S=1 and r,=0.5 ohms, the secondary current 72 and torque 
T are 


lg= Soe = 548 amperes 
VA (") 44.42 
1 
548? X 0.5 x, 
T= Seat fe) 7.04 = 2120 Ib. 


Then in the same manner the currents and torques for other 
slips and resistances may be figured, and in Fig. 7 the results 
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are shown. It will be noted that the different speed-torque 
curves have the ampere curve in common, as in the case of 
braking with alternating current. 

Curve 1 (without external resistances) shows that the torque 
at 500 revolutions per minute is nearly zero and increases very 
slowly as the speed decreases, except that below 50 revolutions 
per minute the torque increases much faster. At about three 
revolutions per minute the torque reaches almost instantly the 
maximum value of 9400 lb. (4260 kg.) and from then on until 
standstill the torque drops very rapidly to zero value. Therefore, 
this speed-torque curve is of no practical value, and in order to 
obtain good braking torque over a wider range of speed it is 
necessary to insert a fairly large resistance. 

Further, the curves in Fig. 7 show that the maximum torque 
obtainable with an exciting current of 100 amperes is not even 
quite half the full-load torque, and that the open-circuit second- 
ary voltage at synchronism is 42 per cent greater than the 
voltage at standstill with 6600 volts (alternating current) on 
the primary. 

A greater torque could be obtained by increasing the exciting 
current, which, however, would give a still higher secondary 
voltage and a stronger field, thus increasing the inevitable 
unbalanced pull and the danger of greater potential rise in case 
any of the circuits should break. The conditions for direct- 
current braking of this particular motor are very poor, because 
the magnetizing or no-load alternating current is so very small 
compared to the full load current. However, most of the 
induction motors have a comparatively greater no-load current 
and consequently give more favorable results than in the case 
of this 2000-h.p. motor. Nevertheless, without running too 
great a risk in regard to high secondary voltage and great un- 
balanced pull, the very best torque which can ordinarily be 
obtained by braking with direct-current is not greater than full-— 
load torque. 

As a check on the foregoing results for the secondary voltage 
é, and short-circuit current 7;, the same motor was driven by 
another motor at synchronous speed, the primary was excited 
by direct current and the open-circuit secondary voltage meas- 
ured. Then the secondary circuit was closed and short-circuit 
amperes measured. The results are shown in Fig. 8. Curves 
1 and 3 in this figure correspond to an excitation of two phases, 
according to connection of Fig. la, and curves 2, 4 and 5 corres- 
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pond to excitation of all three phases, according to connection of 
Fig. 1c. 

Curve 5 represents the saturation which is obtained by having 
two of the secondary terminals short-circuited and the voltage 
measured across the terminal of the open phase and one of the 
short-circuited phase terminals. It is to be noted that this gives 
an increase in voltage of approximately 25 per cent over the 
saturation curve (4) with all three phases in the secondary open- 
circuited. 
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Fic. 8—SATURATION CURVES, WITH DIRECT-CURRENT EXCITATION 


Comparing now the results of the direct-current braking with 
those of the alternating-current braking, the following may be 
said: : 

1. The braking torque obtainable by alternating current, 
even with only half the primary voltage, is, as a rule, consider- 
ably greater than with direct current. 

2. In braking with alternating current, the line circuit has 
to be taken off from the motor as soon as the motor comes to a 
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stop, otherwise the motor will reverse, whereas in braking with 
direct current the motor comes to rest only, and will not reverse 
whether the excitation is taken off the motor or not. 

3. With alternating current, it is an easy matter to brake the 
motor with a strong and practically constant torque during the 
whole period of stopping, whereas with direct-current excita- 
tion it is somewhat difficult to obtain good braking torque near 
standstill due to the rapid decrease in torque from maximum to 
zero, because, no matter how great the direct exciting current 
is at standstill, no torque can be developed. 

4. If it is desired to brake the motor with full-load torque by 
means of direct current, the secondary voltage at synchronism 
will not be far from double voltage, which is the same value 
that would be obtained by braking the motor with alternating 
current at full primary voltage. 

5. Since the magnetic field for direct-current braking has to 
be much stronger than for alternating-current braking, the 
danger of serious potential rise, due to breaking of any of the 
circuits, is greater with direct-current excitation than with 
alternating current. 

6. For the same reason given in the foregoing paragraph, 
the danger of heavy unbalanced pull is greater with direct cur- 
rent than with alternating current. 

7. The only great advantage of braking with direct current 
is the small electric energy which is needed. Only the [?R 
losses of the primary are to be supplied when direct current is 
used, while with alternating current the full power has to be 
supplied that the motor would require for developing an equal 
torque at normal operating condition. 

From the toregoing, it is obvious that in cases where infre- 
quent braking is called for, braking by alternating current has, 
as a rule, preference over the direct-current braking method. 
However, in cases, as on hoists, cranes, etc., where very frequent 
braking takes place, the direct current may be preferable on 
account of saving in power. 
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Discussion on “ Erectric BRAKING OF InpucTION Motors ”’ 
(SpecuHT), Prirrspurcu, PAY APRIL 25,1912. 


_H.E. White: I have been greatly impressed with one par- 
ticular point to which I think attention should be called, that is, 
it 1s impossible to consider the induction motor, or the direct-cur- 
rent motor, by itself alone. Mr. Specht’s paper shows clearly 
what can be done in using an induction motor with electric bra- 
king, but it would appear that the admission must be made that 
after all it is not an electric braking, but a reverse power system 
which is described. I recall one application where this was tried. 
The hoist did not always attain full speed, at least not in the pre- 
liminary test, and after coming to rest, would reverse without 
coming to rest at the point where the automatic devices that had 
been provided should have stopped it. 

Several times I tried to find out what could be done by apply- 
ing direct current to the primaries of induction motors. I know 
of one successful case—it happened to be a very high voltage 
motor. However, if you take a motor of the voltage that is 
favored in steel mill work, 220 volts, it will be found that the 
direct-current voltage, applied directly to the terminals, which 
will give a good braking effect, will be found to be a very low 
voltage, only 3 or 4 volts in some cases. 

It should be brought out prominently in this connection that 
the direct-current motor possesses possibilities of control that 
the alternating-current motor does not possess, and with the ad- 
vent of the series contactor this difference in favor of the direct- 
current motor seems to be very greatly increased. The design- 
ers of the motor generally will neglect to consider the problem of 
controlling it. The time has come when both must be con- 
sidered together, and nothing can be considered by itself. 

H.F. Stratton: Mr. Specht, in his comparisons of the relative 
merits of dynamic braking with direct-current and alternating- 
current excitation, says that with the direct-current excitation 
only a weak braking torque can be developed near standstill, 
and he would have us believe that, at the instant standstill 
is reached, the braking torque becomes nil. This would be 
equivalent to saying that dynamic braking on direct-current 
motors becomes very small at the time the speed of rotation has 
reached practically zero, and certainly does not persist at all at 
standstill. While this statement appears plausible from an 
academic standpoint, it is, as a matter of fact, not true. The 
dynamic braking current does exist for an appreciable length 
of time after the motor has stopped, owing to the desire of the 
braking current to keep flowing in the same direction; in other 
words, this is an induction effect. We have had come to our 
attention motors driving cranes, which actually caused the 
wheels to skid upon the application of dynamic braking after 
the motor has come to rest. The motor was absolutely locked 
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stationary by the dynamic braking current while the crane 
skidded a distance of several inches. 

Gano Dunn: I should like to give a little matter along the line 
of Mr. Stratton’s talk, in respect to having worked with the prin- 
ciple he mentioned, only to a greater extent, a number of years 
ago. The real situation is one in which there is resonance be- 
tween the magnetically stored energy, on the one hand, and the 
mechanically stored energy on the other. They are, as you might 
say, in a different phase, and when I was conducting these experi- 
ments it was not at all unusual to see, when a proper relation 
had been arranged between the braking resistance and the in- 
ductance in the braking circuit, the motor not only brought com- 
pletely to rest, but started running backwards in many cases very 
rapidly. It is perfectly possible, in other words, for advantage 
of this phenomenon to be taken to further braking schemes of all 
kinds. 

An interesting experiment may be made in connection with 
little hoist motors which brake by short-circuiting through a cer- 
tain fixed resistance. I have seen that resistance so adjusted 
that one would think a metal bar had been put through the spokes 
of the pulley and suddenly withdrawn, so violent was the stoppage, 
and so elastic was the spring back, that for a moment you did not 
know that the motor had been stopped at all, since you finally saw 
it come to rest, after running in the opposite direction. 

I believe there is no equivalent for this in connection with the 
alternating-current braking that Mr. Specht has brought out, 
because, as has been pointed out, that is really reverse power brak- 
ing, but the current braking that I have been referring to is really 
a balancing of stored magnetic energy on the one hand, against 
stored mechanical energy on the other hand, which takes place 
when there is a suitable adjustment between the amount of induct- 
ance and the amount of resistance. It is capable of very useful 
employment. 

John C. Reed: The possibility of extracting the energy from 
a moving mass by means of dynamic braking has become quite 
common, but I donot remember ever to have heard or read any 
discussion as to the possibility of stopping the mass and then 
extracting the energy. It is my belief, however, that this can be 
and is being done. I am familiar with an elevator used in con- 
nection with a blast furnace where I believe this is being done. 
The elevator referred to is not a skip hoist, but a straight ver- 
tical lift, and anyone can readily appreciate the difference, since 
a skip need only be stopped within a limit of five or six inches 
while in a straight lift the floor of the cage must come flush with 
the top floor, since if it is one-fourth inch too low it is difficult to 
remove the heavy buggies from the cage, while if it is one-fourth 
inch too high it is difficult to put them back on again; more than 
one-fourth inch is not allowed. 

If the weight of the load on the elevator never varied it might 
be possible to set the cut-off so that the drift would always 
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bring the floors level, but since the weights vary as much as a 
hundred per cent, satisfactory operation cannot be accomplished 
in this way, because the cage will run high or low, depending upon 
whether the load is less or more than that for which the cut- 
off is set. This trouble was overcome by short-circuiting the 
armature an instant following the cutting off of the current. 
This apparently stops the elevator instantly and all the brake 
has to do is to hold the load. I am not prepared to say whether 
the dissipation of the energy contained in the moving mass 
which must take place within the motor, occurs immediately pre- 
ceding or immediately following the stoppage, but I am in- 
clined to believe that some of it follows the stoppage. 

Clark S. Lankton: I would like to mention one instance of 
alternating-current braking which is working satisfactorily. 
The motor is a 1200-h.p. induction motor working in con- 
junction with a heavy flywheel. The transformers feeding the 
motor are delta-connected and two transformers have a central 
tap, whereby half voltage is obtained with an open delta con- 
nection. By means of a double-pole double-throw switch this 
half voltage can be applied in the reverse direction, thereby es- 
tablishing an effective plug. Three to four minutes are ordinarily 
required to stop against the friction of the roll train, but with the 
plug only thirty-five seconds are necessary. 

H. C. Specht: Mr. Lankton told us, as I understand from 
him, that the alternating-current braking, with the flywheel on 
the motor, takes from three to four minutes to stop. This is 
rather a long time for braking. It is generally possible to brake 
almost any induction motor with a flywheel connected to it, 
inside of 10 seconds, if there is a proper resistance in the circuit 
and full voltage applied to the primary. However, on motor- 
generator sets, particularly of higher speeds, the time of stopping 
will be considerably longer. 

C.S. Lankton: The flywheel was directly connected with the 
motor all the time. Ordinarily the motor would run, with the 
flywheel connected, approximately from three to four minutes, 
but by putting on half voltage V-connected plug, the motor would 
stop in about 35 seconds. 

Gano Dunn: I believe if this were a case of certain flywheels 
being brought down in ten seconds, the title of the paper ought 
to be what by a misprint it actually was when the first copies 
came from the printer, ‘‘ Electric Breaking of Induction Motors.” 

C. S. Lankton: Even with the half voltage, we get about a 
load and a quarter in amperes on the motor. I think it would 
be very severe to stop it in 10 seconds. 
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ELECTRIFICATION OF A REVERSING MILL OF THE 
ALGOMA STEEL COMPANY 


BY BRADLEY T. MCCORMICK 


GENERAL DESCRIPTION 

The Algoma Steel Company of Sault Ste. Marie, Ont., Canada, 
has recently put into operation an electric reversing mill equip- 
ment operating the blooming mill. The mill is required to roll 
75 tons per hour from ingots 20 in. (50 cm.) by 20 in. (50 cm.) . 
into billets 8 in. (20 cm.) by 8 in. (20 cm.) in 15 passes. 

The electrical equipment (see Fig. 1) is in a separate building 
from the mill, with an opening in the wall to permit connection 
between the mill motors and the rolls, while in the mill room, in 
a position convenient to the operator, are placed the operating 
controller and an instrument column carrying meters showing 
the current, voltage, and speed of machines. 

The rolls are driven by two 600-volt direct-current motors 
mounted on the same shaft. Each of these motors has a normal 
rating of 2000 h.p. at 75 rev. per min., and their armatures are 
connected in series across 1200 volts. ~The current for the mo- 
tors is supplied by a flywheel motor-generator set consisting of 
two 1700-kw. 600-volt direct-current generators, with their 
armatures also connected in series, driven by a 25-cycle, three- 
phase induction motor of 1800 h.p. capacity, at 375 rev. per min. 
synchronous speed. A 150,000-lb. (68,000-kg.) flywheel serves 
to equalize the load, so that the power drawn from a 25-cycle 
line is kept practically constant at a value corresponding to the 
average power required by the rolling mill motors. An idea of 
the construction of the flywheel motor-generator set can be 
gained by reference to Fig. 3. 
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As the power demand at the rolls rises and falls, a slip regula- 
tor automatically inserts or cuts out resistance in the rotor cir- 
cuit of the induction motor, thus providing sufficient speed vari- 
ation of the motor-generator set to enable the flywheel to alter- 
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nately deliver and absorb energy in such a way as to make the 
load on the 25-cycle power line practically uniform. When the 
power demand of the roll motors exceeds the average, the resis- 
tance in the rotor of the induction motor is increased. This 
decreases the speed of the motor-generator set, preventing a rush 
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of current from the alternating-current line, and at the same time 
allowing the flywheel to give up part of its stored energy to carry 
the mill motors over the peak load. When the power demand 
is light, the resistance is cut out of the rotor circuit, allowing 
the induction motor to speed up the set and store energy in the © 
flywheel. 

From the foundation plan it will be noted that under both the 
motor-generator set and the mill motors pits are provided in 
order to give easy access to the underside of the machines where 
the leads are connected to the terminal boards. These pits also 
provide a place for locating series shunts, resistances, etc., which 
would be very unsightly if placed above ground.. The opening 
under the motor-generator set is connected to the one beneath 
the motor by a passage way, and is reached by a stairway leading. 
from the main floor. 

The speed control and the reversal of the mill motors are 
effected by varying the voltage impressed upon their arma- 
tures, through rheostatic control of the fields of the generators. 

The excitation for both the mill motors and the generators is 
supplied by a 40-kw. 250-volt induction motor-generator set. 
Fig. 8 shows the complete connection diagram for the equipment. 
The direct-current circuit is protected by a relay in series with 
the armatures of the generators and mill motors. When the cur- 
rent exceeds the setting of the relay, the latter opens an auxiliary 
circuit, tripping the circuit breaker in the field of the 40-kw. 
exciter, thereby killing the excitation on all the direct-current 
machines. 

Mitt Motors 

Since the requ rements of a motor drive for a reversing mill 
demand frequent reversals from full speed in one direction to 
full speed in the opposite direction in a very short space of time, 
it is of the utmost importance that the moving parts should be 
so designed as to obtain the minimum amount of inertia. To 
accomplish this result, the rolling mill drive was divided into two 
units, as shown in Fig. 2, mounted side by side on the same shaft 
and base. Each unit has a normal rating of 2000 h.p. at 600 
volts and 75 rev. per min., with a maximum rating of 23 times 
normal, giving a total maximum of 10,000 h.p. available at the 
rolls for short intervals. This corresponds to a maximum torque 
of 700,000 pounds (317,500 kg.) at one-foot (30.48 cm.) radius. 

The motors have 16 poles and are of the commutating-pole type. 
They are also provided with compensating windings in the pole 
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faces of the main poles, in order to reduce the distorting effect of 
the armature reaction upon the field which would otherwise be- 
come quite marked on the peak loads. The yokes are of cast iron, 
while the main poles and commutating poles are of laminated steel 
punchings. The fields are wound of strip copper on edge in two 
layers, with a duct between to afford an air passage for ventilation. 
Fig. 4, reproduced from a photograph of the lower half of one of 
the motor yokes, taken during the process of assembling, shows 
the construction of the fields. The fields are each separately 


excited from the 250-volt exciter mains, while a regulating re- ° 


sistance in series with each field circuit gives an adjustment by 
which the motors may be made to divide their load equally, in 
case of any slight difference which may exist between the satur- 
ation curves of the two machines. 

The motor armatures are connected in series and are designed 
for a normal pressure of 600 volts, but by varying the value and 
direction of voltage impressed across the armatures, the motors 
can be made to run in either direction at any speed up to 75 
rev. per min. 

In order to withstand the severe mechanical stresses set up by 
the rapid reversals of rotation and the shocks transmitted from 
the rolls, it was necessary to make the spider and commutator 
of the most rigid construction. The bearings are protected from 
end thrust by a thrust collar mounted on the bearing pedestal 
next to the rolls (see Fig. 7). One side of the collar is of babbitt 
and the other of steel. Grease is used for lubricating and is fed 
by compression grease cups. 


DrrEct-CURRENT GENERATORS 


The generators each have a normal rating of 1700 kw. at 
600 volts with a no-load speed of 375 rev. per min. The arma- 
tures are connected in series, giving 1200 volts across the two 
machines. They are capable of carrying an overload of 2% 
times normal, corresponding to the overload of the mill motors. 
The generators are also of the compensated commutating-pole 
type, but the magnetic circuit is entirely of laminated steel, 
in order that the field may respond quickly to variations in 
excitation. Fig. 5 shows a portion of the generator during 
the process of construction. 

The commutators are of the open neck type and are constructed 
in such a way that the air passes through the spiders of the 
machines, coming out through the commutator necks, and 
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blows across the face of the commutators. No other source of 
ventilation is necessary to cool the commutators. As any vibra- 
tion of the brush rigging is very objectionable on commutators 
of such high peripheral speeds, the brush mechanism is supported 
on a separate yoke mounted on the base plate. 

The fields of the two generators are connected in series and 
excited across the 250-volt exciter mains, and controlled by a 
rheostat of such construction that the excitation can be reversed 
and varied by small steps over any range between zero and the 
maximum. This rheostat is mounted in the mill room and is 
under the control of the man operating the rolls. 


InpucTION Motor AND FLYWHEEL 


The induction motor has a rating of 1800 h.p., 2200 volts,.- 
three-phase, 25 cycles, at 375 rev. per min. synchronous speed. 
It is of the wound secondary type, in which the current from the 
secondary, or rotor, is carried out through slip rings to the slip 
regulator. As there is nothing special in the construction of 
the motor, it requires no further description. The flywheel is 
12 feet (3.65 m.) in diameter, and is made of cast steel in three 
pieces, carefully machined on the rim and held together by fitted 
bolts passing through reamed holes. 


BEARINGS AND LUBRICATION 


It can readily be seen that the requirements of the bearings 
for the motor-generator set are somewhat more severe than are 
usually met with in electrical machines of the ordinary type. 
The heavy weight to be sustained by the bearings on either 
side of the flywheel requires considerable bearing surface, and 
necessitates a large bearing diameter with correspondingly high 
velocity of rubbing, in order that the bearings shall not be un- 
reasonably long. The combination of high bearing pressure and 
peripheral speed requires the most careful design to secure perfect 
lubrication. All of the bearings, both on the motor-generator 
set and on the mill motors, are self-aligning, and provided 
with water cooling and three distinct methods of lubrication, 
ring oiling, oil flooding and pressure lubrication. Under ordi- 
nary running conditions the pressure lubrication can be dis- 
pensed with, but it is very useful instarting. When the motor- 
generator set comes to rest the oil film is squeezed out of the 
bearings, and unless this film can be established again before 
starting, a torque of about 60,000 lb. (27,200 kg.) at one-foot 
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(30.48 cm.) radius would be required to move the set from rest. 
But starting the oil pump soon establishes a film again so that 
the set will begin to revolve on the first step of resistance and 
come smoothly to full speed without any abnormal demand on 
the power station. 

A small motor-driven oil pump furnishes the oil for both the 
flooded lubrication and pressure lubrication systems. The 
overflow from the bearings passes through a cooler and filter 
and then is pumped up into a storage tank, from which it flows 
by gravity into the bearings. Valves are provided so that the 
oil can be by-passed around the cooler, filter and storage 
tank, and be pumped direct into the bearings under pressure, 
when starting. 
: STARTING APPARATUS 

The rotating parts of the motor-generator set revolving at 
375 rev. per min. have a kinetic energy of 85,000,000 ft-lb. 
(11,755,000 kg-m.) During the period that the set is being 
brought to full speed, the resistance in the rotor circuit of the 
induction motor is required to absorb this amount of energy. 
In order to dispense with a bulky cast iron grid resistance, a 
special water-cooled resistance was used (see Fig. 6). This 
resistance consists of a boiler iron tank with a water inlet valve 
at the top connected to the water mains, and a quick-opening 
gate valve at the bottom for an outlet. The resistance element is 
immersed in water and consists of a hollow iron tube of helical 
form, with the taps for the various starting positions leading 
out through the top of the case. During the starting period the 
energy absorbed by the resistance is transferred to the water, 
after which the hot water can be emptied at the bottom and 
the tank refilled, ready for starting once more. The tank was 
designed with a water capacity sufficient to absorb 85,000,000 
ft-lb. (11,755.000 kg-m.) of energy, with an additional allow- 
ance in case the motor-generator set should, at some time, re- 
fuse to start immediately and the current remain on for several 
minutes before the set commenced to revolve. The steps of 
resistance are cut out by six short-circuiting switches, of the 
manually operated, multiple lever type, mounted on the switch- 
board. 

AUTOMATIC SLIP REGULATOR 

For the purpose of varying the slip of the motor-generator 
set, cast iron grid resistance is used, made up of three steps 
automatically switched in and out of circuit by slip regulators. 
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Each element of the slip regulator consists of a series relay and 
a contactor switch. The contactor switch is operated by 
direct-current solenoids on the 250-volt exciter main and is 
actuated by the opening and closing of the series relay. When 
the current in the rotor exceeds a certain fixed amount, the 
series relay breaks the current in the solenoid of the contactor 
switch, allowing it to open and insert resistance in the rotor 
circuit of the induction motor, thereby reducing the current 
and increasing the slip. These switches are interlocked in such 
a way that they will operate one after another in the proper 
order. 

It was hoped that it would be possible to embody in this 
paper some figures showing the results of a test on the plant, 
but unfortunately the curve-drawing instruments to be used 
were not available early enough. 

The equipment has been in operation, rolling steel, since 
December 10, 1911, and the results obtained indicate that the 
machines are well within the requirements, and that the mill 
motors are capable of being reversed with sufficient rapidity to 
meet easily any requirements in rolling. In a rough test made 
in order to determine the length of time required to reverse the 
motors, 22 reversals were made in one minute at 75 rev. per min., 
with the voltage on the 250-volt exciter mains reduced to 200 
volts. The complete results of the test were not at hand in 
time for inclusion in the paper. 
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DIscUSsION ON ‘‘ ELECTRIFICATION OF A REVERSING MILL OF 
THE ALGOMA STEEL COMPANY”? (McCormick), PITTSBURGH, 
Pa., APRIL 26, 1912. 


David Hall: The importance of apparatus of this kind and 
of the safety of operation so that there will be no breakdown is 
of such magnitude that each point has to be very carefully 
considered in the design, and there are a number of points re- 
garding which I desire to ask some questions. 

The successful operation of machines of such importance as 
these and of such magnitude is certainly a great credit to the 
engineers who are interested. I am to understand that the line 
circuit is grounded at the central point. The paper does not 
mention that, but I understand that is the condition of operation. 
I would like to be assured on that point. 

B. T. McCormick: That is correct. 

David Hall: I ask whether the shaft in the flywheel motor- 
generator set is one continuous shaft or whether there are certain 
couplings; if so, how many couplings are there? Of course, 
upon that point rests the possibility of dismantling a set for 
repairs, in case of an accident. 

The arrangement of the generators in the flywheel set I 
notice is different from the arrangement of the motors, so far as 
thecommutatorsare concerned. In the first case the commutators 
are adjacent to each other, and in the case of the motors the 
backs of the machines are placed towards each other. I ask 
whether there is a particular advantage in the arrangement of 
the generatorsinthis manner. I alsoask if either the motors or 
the generators are supplied with air from blowers. 

The question of rapid reversal of the generators is, of course, 
of great importance, and I note that the reversal is given, I 
believe, as 22 reversals in one minute, if I am not mistaken. I 
ask if the motors reach full speed in such a reversal as that, or 
whether that is simply the motors reversing as fast as they can, 
coming up to a few revolutions, and reversing before they can 
reach full speed. 

In regard to the excitation of the generators, I understand that 
is 250 volts excitation in the field; that is, the exciter is a 250- 
volt machine. In order to get rapid reversal I presume the actual 
voltage on the field of the generator is probably very much lower 
than 250, and I would ask what voltage that is, normally; what 
is the normal voltage across the field of the generator running 
at normal speed and normal voltage? 

The surface speed of the commutator is mentioned as being 
very high, and the fact that it is mentioned naturally brings about 
the question as to what the speed is. 

In regard to the reversing motor, some precaution is un- 
doubtedly necessary to insure that the windings will not shift 
due to the reversal, and I ask in what manner the windings on 
the armature and commutator sets are braced to withstand the 
rapid reversals. 
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Wilfred Sykes: Mr. McCormick made the statement that 
the motor unit was divided into two machines so as to reduce 
the inertia. I have made investigations as to how much the 
inertia can be reduced by dividing it in two units, and find there 
is very little difference. The trouble, however, is that if you use 
a single machine it is necessary to go to very high voltage 
in order to reduce the current, or you run into difficulty with the 
commutators. 

As far as the connection of the generators and motors is con- 
cerned, it has been my experience that it makes very little differ- 
ence, when you have two generators and two motors, whether you 
connect in parallel or series, so far as the division of the load is 
concerned. I ask Mr. McCormick whether the output which is 
mentioned, 75 tons per hour, has been obtained over any period 
of time, such as a day, or something of that sort. 

There is one point in connection with the control of the set 
that I will call attention to, and that is the overload trips. As 
far as I can make out, the only overload protection is a relay in 
the armature circuit which opens the field circuit of the exciter. 
I would like to know what protection is provided against sudden 
overloads which are liable to come with a cold ingot, or if the 
rolls are set down too far. It seems to me the overload trip 
is rather a roundabout way to protect the machines against over- 
loads and make them immune to excessive fluctuations. For 
ordinary overloads this arrangement is all right, but I believe 
in addition thereto there should be an overload circuit-breaker 
provided in the main circuit which will open independently of 
this device which is mentioned. 

There is another question I will ask Mr. McCormick, and 
that is in connection with the starter. Would it not have 
been preferable to have adopted a liquid controller, not only for 
the starting but also for the slip regulation, in the first place? 
That would have avoided the necessity of having magnetic 
switches and a water-cooled starter. I think the thing could 
have been very simply arranged so as to combine these two 
functions. 

R. A. Black: The flywheel is stated here as being made in 
three sections of cast steel bolted. together. I would like to 
know whether this is a better construction than the laminated 
construction, and if so, what are the advantages of having it 
this way? 

Speaking of the rapid reversals ot the motor, I have had several 
cases of high-speed motors, and some very rapid reversing motors 
which gave a good deal of commutator trouble. I took the com- 
mutators and turned out grooves back of the brushes on either 
side, so that the brushes bore on just one surface, that is, there 
was no surface beyond the bearing of the brush, and I found by 
doing this that the commutator wear was reduced a great deal. 
In reversing the motor, there is always more or less tendency 
towards a little lateral motion, especially in high-speed reversing 


1912] DISCUSSION AT PITTSBURGH 655 


motors. High-speed motors running continuously which have in 
the past given a good deal of trouble are now running with very 
little sparking. This may be objectionable to some, but I find 
it much better. The brush ordinarily runs in one path, and 
by so doing, wears the commutator down somewhat, leaving a 
ridge on either side of the brush, so that when you get the end 
thrust, you have a little ridge which raises the brush, causing it 
PB spark; this makes flat places, and the more it runs the worse 
it’ gets. 

H.C. Specht: I ask the author of this paper how many found- 
ation bolts are in the bedplate? In Fig. 7, it seems as if there are 
only four to six bolts in total. Further, I ask whether the bolts 
through the pedestals are used also as foundation bolts, or if 
they only tie the pedestals on the bedplate. 

I will also make a few remarks in regard to the size of flywheels. 
In this particular outfit as described by Mr. McCormick it seems 
that the flywheel is rather large for the capacity of that mill. 
It is generally claimed that the load on the induction motor of 
the equalizing set is practically constant. This, however, is 
in many cases due to the very large flywheel and not due to 
the automatic speed control. Asa matter of fact the automatic 
control acts too slowly to catch always the short peak loads. 
If the automatic control devices would actually catch the peak 
loads on time, the size of the flywheel could be reduced a 
great deal. 

In many cases it may be recommended to connect into the 
secondary of the induction motor some permanent resistance, 
thus giving the automatic control more time to act, and the fly- 
wheel more chance to assist the motor immediately with the 
start of a peak load. Then, if desired, during the longer no-load 
periods, all the resistance may be cut out. 

R. B. Treat: An equipment of similar nature was built for 
250 volts, mainly because of the opinion of the Association of Steel 
Mill Engineers that 250 volts was about high enough. The large 
current was subdivided and delivered to several commutators in 
preference to one unduly large commutator. 

Wilfred Sykes: I might say in connection with the voltage 
question that it is the usual practise in Europe to connect all 
the machines in series. I do not see the object of it where there 
are two generators and two motors. Where there is only one 
motor, or two motors, and there are two.or three generators. 
then it is not possible to make the machine any other way, and 
the tendency in Europe has been to increase the size of the driv- 
ing motors and concentrate as much power as possible on one 
machine, but, of course, in order to obtain generators capable 
of running at a reasonable speed, so as not to have the flywheels 
too large, smaller units have been used for the generators than 
for the motors. Some of the latest installations in Europe are 
using single motors in which the maximum capacity goes up to 
15,000 h.p. 
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As to the question of inertia, it does not make much difference 
whether you put it in one or two units, at the present time. 
Four or five years ago the design of the machine was not as well 
understood as it is now, and then it did make an appreciable 
difference. In the first installation put in at Hildegradehuetts 
in 1906 there was a great advantage obtained by subdividing the 
motors, but with the present design it does not make much 
difference. 

H. W. Cheney: I think I have little to say regarding Mr. 
. McCormick’s paper except to call attention to the fact that the 
starting resistance is quite unique and I should think could be 
comparatively small. The dimensions of the resistance are not 
given in the paper and I would inquire the approximate size of 
the resistance. It appears that the arrangement is such that 
a very large amount of energy should be dissipated with a very 
small element. 

Bradley T. McCormick: Mr. Hall asked whether the shaft 
is made in one piece or in several pieces. The motor-generator 
set has one long shaft without any couplings. 

He also asked why, on the motor-generator set, the commuta- 
tors are facing each other, while on the mill motors the commu- 
tators face away from each other. In the case of the motor-gen- 
erator set the two rotors are more accessible, for pressing onto or 
removing from the shaft, than they would have been if the com- 
mutators were turned the other way. On the mill motors I do 
not think it vital which way the commutators are turned, but 
probably from the standpoint of appearance the machines look 
better the way they are, with the armatures close together and the 
commutators on the outside. There are no blowers anywhere on 
the apparatus, neither on the generators, motors or induction 
motor. 

The motors reach full speed on the reversals, and the test 
was made by throwing the controller handle back and forth as fast 
as it was possible to reverse the motors, the speed being read 
from the electrical speed counter. It was found that there was 
a lag in the response of the motors to the movement of the con- 
troller, so it was necessary to throw back thecontroller handle 
when the speed reached about 60 rev. per min. I made the test 
as above, and got eleven reversals in a half-minute, from 75 rev. 
per min. in one direction to 75 rev. per min. in the other direc- 
tion, which corresponds to 22 reversals per minute. 

A point was raised as to the voltage across the generator 
fields. Full voltage, of course, is not on the fields. A certain 
amount of it is dissipated in the rheostat, but just how much is 
on the field I should not care to answer. Concerning the com- 
mutator speed of the generators, I did not intend in my paper to 
give the impression that the commutator speed approached that 
of a turbo-generator. The commutator speed is 3500 feet per 
minute, which is no higher than commutators of motor-gen- 
erator sets are usually run. 
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As to the matter of bracing the coils, I would rather not dis- 
cuss that here, as it is an improvement of our own designing. We 
have gone very thoroughly into the question of bracing, and have 
secured the coils to the end heads or coil supports. 

Mr. Sykes asked whether the full output of 75 tons an hour 
had been attained. Practically it has; I think, though, it is 
nearer 70 tons—70 tons seems to be about the run of the fur- 
naces. There is no reason to think that 75 tons could not be ob- 
tained if it was desired to run the mill at that rate. Mr. Sykes 
also asked whether there is any additional overload feature. 
There is none, except the overload feature operated by the no- 
voltage relay on the exciter circuit. It will be, however, a very 
easy matter to put current trips on these, if it should be found 
necessary. . 

The question of a liquid controller has been brought up, and 
I see no reason why a liquid controller could not have been used 
to advantage on this system. It is of course a question of choice 
of a liquid controller vs. cast iron grid resistances, and this is 
largely a matter of personal taste. 

Mr. Black asked whether it is better to have a flywheel cast 
in three sections of cast steel, than a laminated one. The fly- 
wheel in this installation does not revolve at such a speed that 
the strains set up in it are too great for cast steel to stand 
safely. The laminated steel flywheel is stronger, but of course 
much more expensive. By making the flywheel in three pieces, 
comparatively light steel castings are obtained, which are not apt 
to contain imperfections. They can be fitted together with 
reamed bolts, and for all practical purposes they constitute a 
solid flywheel. Mr. Black also suggested grooving the commu- 
tator in order to do away with difficulty due to end play, resulting . 
in the wearing away of the brushes on the extreme inside ends 
of the studs. This matter we have taken up, not because we 
have had any such trouble, but I think the suggestion is a good 
one. 

Mr. Specht asked how many foundation bolts we have. I 
do not remember, but will say that there are enough, and that the 
machines are well grouted in, so that the concrete comes almost 
level with the top of the base. The pedestal bolts form the top 
part of the foundation bolts. I agree with Mr. Specht that 
the flywheel is somewhat larger than necessary, but it was our 
intention to design this set along very liberal lines, and we in- 
tentionally made this flywheel large, to be on the safe side if the 
controlling apparatus should not quite fulfill our expectations. 

There seems to be considerable discussion on the subject of 
voltage, and I am unable to understand why there should be so 
much criticism of 1200 volts when the neutral point is grounded. 
I suppose everyone realizes that if one should go over the system 
with a voltmeter he would be unable to find any point on the 
system where he could get a voltage to ground more than 600 
volts; this is no more than would be obtained with a 600-volt 
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parallel system with one side grounded, and the grounding of 
one side of a system, as everyone knows, often occurs without 
anyone finding it out until a ground occurs somewhere else on 
the system. However, with the middle point connected to 
the earth by a good heavy ground wire, if a ground does occur 
any where else in the system it will be burned off immediately. 

The system which I have employed for the Algoma Steel Com- 
pany has no more tendency towards overstraining the insulation 
by the working voltage, than the standard street railway gen- 
erators which have been in use for so many years, where 600 
volts or more is employed with the negative side grounded. Also, 
the liability of injury to operators by shock is no greater than 
met with in street railway practise. 

Mr. Cheney.asked as to the size of the water-cooled resistances. 
These resistance tanks are about three feet in diameter, and five 
feet high, and are quite liberal in water capacity. They hold 
enough water to start the motor-generator set several times, 
without replenishing the water. 
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THE OPERATION OF A LARGE ELECTRICALLY DRIVEN 
REVERSING ROLLING MILL 


BY WILFRED SYKES 

In a paper before this Institute! the author referred to the in- 
vestigations that were made in Europe, preliminary to the in- 
stallation of the first electrically driven reversing rolling mill, 
and it is interesting to note that somewhat similar experiments 
and investigations were made in this country, independently, 
with the same object in view. 

About the middle of 1905, it was decided by the Illinois Steel 
Company to-make inquiries regarding the possibility of installing 
an electrically driven reversing universal plate mill, and the engi- 
neers of that company made some preliminary experiments with 
a view to determining the power requirements and the proba- 
bility of the success of such aninstallation. After sufficient data 
had been obtained, so that a power curve could be given to the 
manufacturers of electrical machinery, propositions were invited, 
and in the spring of 1906 a contract was let for the complete 
installation. The machines and apparatus were designed in 
June, 1906, and the complete equipment was delivered by the 
end of the year, and started in operation at the beginning of 1907. 

In the meantime, the first European installation at Hildegrade- 
huetts was started in operation and before the plant of the Illinois 
Steel Company was used commercially, a second European plant 
wasstarted. It isinteresting to note, however, that theinstallation 
of the Illinois Steel Co. was the second plant of this type to be 
ready for service. This plant has been in operation for ap- 
proximately five years, and it is believed that a description of 

1. Electrically Driven Reversing Rolling Mills, TRANsAcTiIoNS A. I. E. E., 
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some of the details of the installation and the results obtained, 
may be of interest. 

The Illinois Steel Company was one of the earliest of the Ameri- 
can steel works to utilize the blast furnace gases in gas engines, for 
supplying power for operating its mills, and the principal 
reason that led to the installation of this pioneer mill was the 
realization of the necessity for greater economy in the generation 
and distribution of power in such works. 

The characteristics of the universal plate mill are such that 
it is necessary to have the greatest flexibility possible in the 
driving machine, and it was realized that by installing an electric 
motor, controlled by regulating the field of a special generator 
supplying it with power, an ideal system would be obtained, en- 
abling all classes of work to be handled in the most desirable 
manner, the earlier passes being handled at low speeds and the 
finishing passes at high speeds, it being possible to obtain the 
maximum output of the mill on account of the flexibility of the 
speed control. 

When the plant was installed, some doubt was felt as to the 
possibility of quick reversing, but in operation it was soon found 
that the electric plant was capable of handling material more 
quickly than similar steam-driven mills and more quickly than the 
material can be handled by the tables. After the plant had run 
for some time it was demonstrated that the electric equipment 
was not the weakest link in the chain. The following brief de- 
scription of the mill and electrical apparatus will show, to some 
extent, the nature of the problem involved in the electrification 
and the methods adopted to insure successful operation. 


MILL 


The mill is of the two-high universal type, designed for rolling 
plates up to 30 in. (76 cm.) wide from slabs up to a maximum of 
10 in. (25 cm.) thick. The main horizontal rolls are 24 in, 
(60 cm.) in diameter, and have a face of 34 in. (85 cm.). The 
vertical rolls, of which there are four, two on either side of the 
main rolls, are 14 in. (34.6 cm.) in diameter and have a face of 
13 in. (32.8 cm.) The mill was designed to roll plates of all 
thicknesses and, on account of its flexibility, is used to a very great 
extent for handling small orders. The general layout of the mill 
is shown in Fig. 1, from which it will be seen that the motor- 
generator set, for supplying power to the main roll motors, is 
erected in the same room as the main roll motors. Apart from 
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the method of driving, the mill is not appreciably different from 
similar steam-driven installations. 

From the general layout drawing, it will be seen that the slabs 
are heated in two furnaces and carried by an approach table to 
the mill. When rolled, the plates are taken in two hot beds, 
and after cooling, to.a shearing table, where they are cut to size 
and are then ready for straightening and shipment. ‘The mill 
tables are operated by four 50-h.p. mill motors, the control being 
located at one side of the mill, close to the control for the main 
motors. The mill and the motor room are spanned by a 30-ton 
crane, which is capable of handling all parts of the equipment, 
with the exception of the flywheels of the motor-generator set. 

In Fig. 2 a general view of the mill and motors is given, which 
shows the appearance of the complete equipment. The motors 
are enclosed in a separate room to protect them from the mill 
dust. In this view, the mill is shown complete with motor, but 
from Fig. 1 it will be seen that there is a wall between the pinion 
housings and the motors. In the illustration the auxiliary motors 
for the setting of the rolls are shown, that for the horizontal rolls 
being mounted to the left of the mill housings and that for the 
vertical rolls to the left of the pinion housings. 

The setting of the horizontal rolls is varied by means of an 
electrically driven screw-down, the screws being operated by a 
50-h.p. mill type motor. The setting of the vertical rolls is con- 
trolled by means of a 30-h.p. mill type motor, the position of the 
rolls being shown by the usual micrometer type of indicators. 
The main rolls are connected to the pinion housing by suitable 
spindles, arranged to allow a movement of about 12 in. (30 cm.). 
The lower pinion is driven from the roll motor through a coupling 
of the usual mill type, arranged to allow for considerable wear in 
. the pinion shaft bearings. No flexibility is allowed for in the 
drive from the motor to pinions. 

The mill was designed for a maximum speed of 150 rev. per min. 
but it has been found in practise that about 100 rev. per. min. is 
all that can be conveniently used, on account of the compara- 
tively short plates rolled. 

The capacity of the mill varies considerably on account of the 
material rolled, and depends more on the product required than on 
its capacity for rolling, and therefore definite figures cannot be 
given for the output for any particular product. In referring 
to some of the tests given, an idea of the capacity under various 
conditions may be obtained. The performance of a mill of this type 
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cannot be compared with that of a blooming mill, rolling practi- 
cally one size of material. The equipment of this mill had to be 
sufficiently large to handle the heaviest slabs that can be rolled, 
although the work is comparatively light most of the time and 
consequently the tonnage suffers. 


SYSTEM OF DRIVING 


In deciding upon the system to be used for driving the mill, 
and the control of the motors, the experience that had been 
gained in the design of large hoisting plants of the Ilgner type 
was drawn upon. In 1903 experiments had been made to deter- 
mine the possibility of rapid reversing and the sensitiveness of 
this system of control, on a large hoisting plant. The results 
obtained indicated that, from the standpoint of control, this sys- 
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MAGNETO 


tem gave all that could be desired, providing the proper provision 
was made to obtain a rapid change in the generator field. The 
ordinary solid-field generator cannot follow rapid change in the 
excitation on account of the eddy currents which are set up and 
which oppose any change of field strength. It is therefore nec- 
essary to design the machine with a completely laminated mag- 
netic circuit so as to overcome this characteristic of the ordinary 
generator when working under the conditions met with in such 
service. The importance of having the voltage of the generator 
follow the changes of excitation quickly is very great from an 
operating standpoint, and this condition has been very well ful- 
filled in the Illinois Steel Company’s installation. 

In Fig. 8 are shown the principal connections of this instal- 
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lation. It will be seen from this diagram that the roll 
motors are connected to a double-commutator generator with- 
out any starting resistance, each motor being connected to 
one commutator. This generator is driven by means of a 
three-phase induction motor, and a 100-ton flywheel is 
mounted on the same shaft. The roll motors are separately 
excited, the excitation being constant, with speeds up to 100 
rev. per min., and the polarity is tot changed. The direction of 
rotation and speed of the roll motors is controlled by changing 

the polarity of the generator, and varying its field strength, 
thereby varying the voltage applied to the armatures of the roll 
motors. This system avoids rheostatic losses, except in the field 
circuit, and enables any desired speed to be obtained, independent 
of the load. 

The load on the generator naturally varies rapidly over a large 
range, the rate of change being at times 3000 to 4000 h.p. per 
second during acceleration and 8000 to 10,000 h.p. per second 
when braking. From the standpoint of the power supply, such 
a load would be highly undesirable, even for a very large power 
house, and could not be handled at all by gas-engine-driven sta- 
tions of moderate capacity, such as usually found in steel mills. 
In order to equalize these fluctuations, the flywheel was provided 
to deliver energy during the periods of great demand and to store » 
energy during periods of light load, and so that the flywheel may 
give up some of the energy stored in it, the speed must be reduced, 
and to store energy the speed must be increased. 

To enable the flywheel to assist the three-phase motor in 
driving the generator, an automatic slip regulator was provided, 
which introduces resistance into the rotor when the current 
reaches a certain value, the speed being thereby reduced, and 
a portion of the energy stored in the flywheel is used for driving 
the generator. When the load on the generator is reduced, the 
resistance is automatically cut out, the speed consequently in- 
creasing, and energy is thereby stored in the flywheel. In prac- 
tise, the maximum load on the line due to the reversing set is 
approximately one-fifth of the maximum load of the generator. 
By properly setting the regulator in relation to the work to be 
done, the input to the motor-generator can be maintained prac- 
tically constant. It will be noted that the driving motor of the 
set is considerably smaller than the generator, which is due to 
the fact that the latter must be designed to carry the high peak 
loads, and as the heating of the armature is due principally to the 
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coppet loss, which varies as the square of the current, a much 
greater capacity is required to deliver a certain amount of power 
than would be necessary if the load were constant. The load on 
the induction motor does not vary greatly, and consequently it 
is designed to carry only the average load. 

To protect the generator and driving motor against excessive 
overloads, due to “‘stickers”’ or cold slabs, overload trips for the cir- 
cuit breakers are provided in each armature circuit, which are 
arranged to open the circuit at a load corresponding to approx- 
imately 8000 h.p. The primary circuit of the induction motor 
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Fic. 4-—ComBINED RATING OF ROLL Motors UNDER MAXIMUM OPER- 
ATING CONDITIONS. 
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is provided with the usual instruments and overload protection. 
Speed meters showing the speed of the rolls, and double reading 
ammeters are provided on the operating pulpit, for the guidance 
of the operator. It has been found, however, that the electrical 
equipment is capable of performing heavier work than the mill, 
so that the operators are controlled during rolling more by the 
limitations of the mill than those of the electrical equipment. 


Drivinc Morors 
The driving motors have a nominal rating of 2000 h.p. each, 


’ making a total of 4000 h.p. for the set. The maximum combined 
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rating of the motors is shown in Fig. 4, which shows a maximum 
torque of 420,000 ft-lb. (58,086 kg-m.) at a speed up to 100 
rev. per min., which is obtained with full voltage on the armatures. 
At speeds above this the horse power remains constant, the tor- 
que decreasing correspondingly, the higher speeds being obtained 
by weakening the field of the motors. 

The motor was divided into two units, with the object of re- 
ducing the armature diameter, and consequently the inertia, and 
at the same time to facilitate handling the heavy current, which 
at 8000 h.p. is about 11,000 amperes. They are designed fora 
normal armature voltage of 575, and 220 volts excitation. 

When the plant was designed, it was proposed to increase the 
speed from 100 rev. per min. to 150 rev. per min. for the longer 
passes, and, so as to insure that the flux in the motor fields 
would follow the quick changes of the exciting current, the 
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magnetic circuit was laminated. Experience gained from the 
operation of the plant has shown that this refinement was un- 
necessary, although required in order to meet the original guar- 
antees for acceleration and reversal asked for. 

The general dimensions of the machines are shown in Fig. 5, 
from which it will be seen that the two armatures are mounted 
on one shaft, supported by two bearings, the field frames being 
mounted side by side on the bedplate. The laminations are sup- 
ported by a cast iron frame which is split horizontally to facil- 
itate repairs. The machines are of the commutating pole, com- 
pensated type, the compensating windings being imbedded in the 
face of the main poles. The armatures, which are 7 ft. 6 in. 
(2.28 m.) in diameter, were especially constructed to stand the 
severe shocks anticipated with this class of work and to be capable 
of withstanding the severe stresses due to the rapid reversing 
and acceleration. On this account, very great attention was 
paid to the methods of supporting and holding the armature | 
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windings, a special steel ring being provided to support and fasten 
the end connections rigidly where they connect to the commuta- 
tor lugs. With the ordinary construction, a certain amount. of 
movement is always possible, and a very slight bending of the 
end connectors if repeated often enough will lead to crystallization 
and breaking, which has been demonstrated repeatedly where 
machines have been subjected to severe service. That the great 
care in supporting the end connections was justified, has been 
demonstrated by the fact that in some of the earlier European 
installations there was considerable trouble due to the breakage 
of the armature connections, whereas in the case of this plant 
there has never been the slightest difficulty from this cause. 
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Fic. 6—CurvE SHOWING ENERGY STORED IN ROTATING PARTS OF 


Rott Motor AnD MILL. 
a.—European installation. b.—TIllinois Steel Company's installation. 


The importance of reducing the armature diameter and weight 
will be appreciated on referring to Fig. 6, which shows the energy 
stored in the rotating parts of these motors at various speeds, the 
energy varying as the square of the speed. The inertia curve of 
a European installation is also shown, the rating of the two 
plants being almost identical. From these curves it will be seen 
that in the American installation the inertia has been kept some- 
what lower than in the European plant, although the latter was 
installed about two years later. 

Although very high efficiency in the motors of such an instal- 
lation is not of very great importance, considering the other 
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losses, yet it is desirable, inasmuch as it affects the heating of 
the machines, and a well designed machine will naturally have 
high efficiency. In Fig. 7 is shown the efficiency curve of these 
motors, from which it will be seen that the losses are extremely 
small. Of particular importance are the copper losses, which con- 
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Two 2000-h.p. shunt motors—575 volts, 2800 amperes, 12-pole, 0-150 rev. per min. 
Efficiency at 100 rev. per min., including excitation. 


trol to some extent the energy returned from the motors during 
braking, as the current is usually high and the period short. It 
will be noted that the bearing at the coupling end is unusually 
large, and at the maximum load the stress in the shaft is less than 
3000 Ib. (1360 kg.) per sq. in. (6.45 cm.). 
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Fic. 8—ARMATURE CONNECTIONS OF DovuBLE-COMMUTATOR GENERATOR 
SUPPLYING POWER TO RoLL Morors. 


The weight of the complete motor (two machines) is 356,000 
lb. (161,488 kg.), made up as follows: 
Rotating parti... mee 124,000 lb. (56,245 kg.). 
Proldgh 2 Cee ee 107,000 “ (48,534 “ ), 
Base and bearings........ 125,000 “ (56,699 “ ). 
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Mortor-GENERATOR SET 


The generator of this set is of the double-commutator type, 
and embodies some design features of special interest. 

It was decided to use a double-commutator type machine, so 
as to reduce the current to be collected from a single commutator, 
thereby allowing a single comparatively high-speed machine to be 
used. The field is of the laminated type, so built that it will 
answer changes of field current very rapidly, this being necessary 
to obtain quick reversing and speed changes. 

The machine is of the commutating-pole compensated type, 
similar to the roll motors, the diameter of the armature being the 
same. The normal full speed of the generator is about 375 rev. 
per min. and the minimum speed about 300 rev. per min. At 
; 375 rev. per min., the voltage of the generator with full field is 
| approximately 600. 

The armature winding is of especial interest, as there are . 
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Fic. 9—EFFICIENCY CURVE OF GENERATOR SUPPLYING POWER TO 


Roiit Motors. 
Shunt generator, 3000-kw. Efficiency at 300 rev. per min., including excitation. 


twice as many commutator bars as there are coils, the equivalent 
of a half-turn coil being obtained by the connections, as illustrated 
in Fig. 8. 

The generator is designed for a normal capacity of approx- 
imately 3000 kw. and a maximum capacity of about 6400 kw. 
Special attention was given to the design of the generator, to 
insure good commutation under the severe conditions of operation. 
The commutating pole and compensating windings are not 
shunted, care being taken to render this unnecessary, so as to 
avoid any trouble due to difference in the self-induction of the 
windings and shunt affecting the division of the current with 
rapid changes of load. The necessity of commutating the max- 
imum current with a: weak field, requires that the closest at- 
tention be given to commutating characteristics of the generator, 
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The efficiency of the machine is shown in Fig. 9, this curve 
being based on tests made after the plant was installed. 

The motor for driving the generator and flywheel has a normal 
rating of 1300 h.p., and is designed for three-phase, 25 cycles, 
6600 volts, eight poles. It is of the wound rotor type, the rotor 
circuit being controlled by an automatic slip regulator, previously 
referred to, and is of the usual standard construction. 
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Fic, 10—PERFORMANCE CURVES OF THREE-PHASE Motor DRIVING 
FLYWHEEL MotTor-GENERATOR SET. 
(1300 h.p., 2200 volts, 25 cycles, 8 poles, 375 rev. per min. synchronous speed.) 
a—Synchronous speed. b—Motor speed. c—Real efficiency. d—Power factor. 
e—Apparent efficiency. f—Apparent h.p. g—Real h.p. 


The performance of this motor is shown in Fig. 10, and the 
speed-torque characteristics for the various steps of the regulator 
are shown in Fig. 11. 

The flywheel of this set presents some interesting features, 
as, owing to difficulties in transportation and in obtaining reliable 
steel castings, the wheel was built of comparatively thin punched 
laminations on a steel spider, the sheets being bolted between 
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cast steel end rings. The peripheral speed of the wheel at 375 
rev. per min. is 15,500 ft. (4724 m.) per minute. In order to 
facilitate handling, the wheel was built in two parts, each weigh- 
ing 100,000 lb. (45,359 kg.), the total weight, therefore, being 
100 tons. The flywheel effect of this wheel is 5,500,000 ft-lb., 
and under normal conditions of operation the speed of the set 
seldom falls below 320 rev. per min., and the input does not 
as a rule exceed about 900 kw. The energy stored in the wheel 
at full speed is 250,000 h.p-sec., and the amount given up when 
the wheel slows down to 300 rev. per min. is 90,000 h.p-sec. 
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Fic. 11—SprEp-TorouE Curves oF THREE-PHASE Motor For DIF- 
FERENT STEPS OF SLIP REGULATOR. 
(1300 h.p., 2200 volts, 25 cycles, 8 poles, 375 rev. per min. synchronous speed.) - 
Curve a—Rotor ring short-circuited. Curves a-3-24—Running. Curves 24-30— 
Starting. 


The general assembly of this set is shown in Fig. 12, which 
gives the principal dimensions, and a view of the complete 
machine is shown in Fig. 13. The rotating parts are supported 
by four bearings, the flywheel having a bearing on either side 
and a separate shaft. The shafts for the motor and generator 
are supported at one end by a bearing, and at the other are 
bolted to the flywheel shaft. The maximum bearing pressure 
has been limited to approximately 80 lb. (36 kg.) per square in. 
(6.45 sq. cm.). Both machines and the flywheel are mounted 
upon a single base plate, which is securely fastened to the foun- 
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dation by numerous bolts. All bearings are water-cooled and 
oiled from a central gravity oil system, so as to insure a contin- 
uous supply of oil to all wearing parts. In order to facilitate 
starting the set, a pneumatic barring gear is provided, controlled 
by a hand-operated triple valve. 


CONTROL APPARATUS 


For controlling the excitation of the generator, a special con- 
troller, operated on the principle of a Wheatstone bridge, was 
designed, the connections of this controller being shown in Fig. 3. 
The current handled by this controller is, approximately, 50 
amperes, with maximum excitation, which can be readily 
handled by a controller of the face plate type. Theslip regulator 
for automatically varying the rotor resistance, so as to limit the 
input, consists of a number of pneumatically operated switches, 
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Fic. 12—OvurTLINE oF FLYWHEEL Moror-GENERATOR SET SUPPLYING 
POWER TO ROLL Morors. 


arranged in groups, their operation being controlled by two relays. 
One of these relays causes the switches to drop out when the 
current in the primary of the motor reaches a certain value, and 
so long as this relay is open the switches will continue to drop 
out successively. When the current reaches a normal value, 
the relay closes and no further switches are opened. When the 
current falls below the normal, the second relay drops, and 
causes the switches to close automatically in the proper order, 
and in this way the input to the motor, under normal operating 
conditions, is maintained approximately constant. 

The connections of this regulator are shown in Fig. 14, and in 
Fig. 15 is shown a group of the pneumatic switches, which are of 
the same type as used for the control of large electric cars and 
locomotives. In all, thirty switches were provided for starting 
and regulating the speed of the motor, and, consequently, 
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the resistance is varied in very small steps. The capacity of 
these switches to withstand: very severe service has enabled 
them to be operated successfully since the plant was installed, 
although each switch may be closed or opened eight or ten times 
a minute. 
TEsT RESULTS 

After five years’ operation of the plant, it was decided that it 
would be advisable to make a complete set of tests, to de- 
determine, not only its operating characteristics, but also 
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Fic. 14—Dz1AGRAM OF CONNECTIONS OF AUTOMATIC SLIP REGULATOR 
CoNnTROLLING INPUT TO FLYWHEEL Motor-GENERATOR SET. 


whether such an installation could be improved upon and how 
closely the designed capacity approximated to the actual opera- 
ting conditions. Owing to the difficulty in obtaining suitable 
apparatus to make such tests, most of the instruments were 
specially designed and built for this test. The current in the 
motors varies, under normal conditions, so rapidly that ordinary 
indicating or recording instruments were not suitable and it 
was therefore decided to use an oscillograph for recording the 
direct-current voltage and current. The speed of the roll 
motors was recorded by means of a special graphic recording 
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meter, controlled by a suitable magneto, driven from the motor 


shaft. The recording instrument was especially designed so as ~ 


to be capable of following rapid changes in speed, and to avoid 
errors usual with graphic instruments. It was decided to avoid 
the use of a pen for recording and the position. of the pointer was 
recorded by causing a spark to pass from the end of the pointer 
through the paper to an insulated plate. In designing these 
instruments, provision was made to avoid introducing errors 
in the readings due to the static effect of the high-tension current 
for the spark. The speed-recording instrument for the roll 
motors had a center zero so as to record both directions of 
rotation. ° 

The speed of the motor-generator set was also recorded, to 
determine the amount of energy given up or absorbed by the 
flywheel, during the period of test. The instrument used was 
similar to that adopted for the recording of the motor speed, 
except that provision was not made for recording the speed in 
both directions. In order to obtain a large reading for a compara- 
tively small change of speed, a battery was connected to oppose 
the magneto, and the meter recorded the difference in the poten- 
tial of the magneto and the battery. All the instruments, inclu- 
ding the oscillograph and the speed meters, were provided with a 
time-recording device, all of these attachments being controlled 
by a single contact-making clock. 

The input of the motor-generator set was. determined by 
means of a wattmeter of the same type as the speed meters. 

In addition to the above apparatus, provision was made for 
recording signals from the mill. In the mill, records were obtained 
as to the size and weight of material rolled and the reduction 
per pass, and at the same time readings were taken to determine 
the temperature of the metal. 

These tests gave, simultaneously, readings of the input to the 
roll motors and the input to the motor-generator set at the speed 
of the set and motors. 

With this information, together with the known character- 
istics of the apparatus, and the data obtained as to the work 
done by the mill, it was possible to obtain a complete analysis 
of the power requirements and operating characteristics. | 

While it is not possible within the scope of this paper to go 
into detail as to these tests, a few characteristic curves are given 
which may be of interest. 

Fig. 16 shows the power required for rolling a slab, 3% by 
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114% by 95 in. (8.9 ae 29.2 by 241 cm.), weighing 1080 Ib. 
(489 kg.), to a plate in. (7.9 mm.) thick by 12 in. (30.5 cm.) 
wide, and 1060 in. (26.9 m.) long. From these curves it will be 
seen that the maximum current was approximately 4100 
amperes, and the maximum braking current about 2350 
amperes. The maximum speed of the rolls during this test was 
86 rev. per min. during the sixth pass, whereas in the first pass 
the maximum speed was 50 rev. per min. The total time re- 
quited from beginning to end of the test was 58 seconds, show- 
ing a maximum capacity when rolling this size material of 
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Fic. 17—ANALYSIS OF POWER INPUT TO ROLL Motors WHEN ROLLING 
PLATE (SEE Fic. 16). 


Le Beg ccniare of net rolling work to total Spee 


2. “ acceleration Ls & c 
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Original slab 3} by 11} by 94.9in. Finished plate fs by 12 by 1016 in.—Tempera- 
ture of metal 1860 to 1810 deg. fahr.—Composition: Carbon 0.10 %, Phosphor 0.033 %, 
Manganese 0.51 %, Sulfur 0.044 %.—Ultimate tensile strength 53,000 lb. per sq. in. 


approximately 30 tons per hour. The temperature of the metal 
varied during the test from 1920 deg. fahr. to 1800 deg. 
fahr. 

In Fig. 17 is shown an analysis of this test, which gives the re- 
lation between the total input to the roll motors and the various 
items. It will be seen that the percentage of net rolling work 
averages about 55 percent. The input required for acceleration 
is about an average of 30 per cent. The loss due to friction of 
the mill and iron loss in the motors is approximately 10 per cent. 
The average copper loss is about 5 per cent. 
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The reason for the very large drop in the percentage of net 
roll work in the last two passes, is the fact that the draft was com- 
paratively light on these two passes. 

The comparatively large proportion of the input required for 
acceleration shows the importance of keeping the inertia as low 


as possible, and the great advantage of the voltage control system — 


is that it enables a considerable proportion of this energy to be 
recovered. In this particular test, the total energy required to 
accelerate the motors for the seven passes was 11,800 h.p-sec. 
and there was returned by the motors to the generator 8317 h.p- 
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Fic. 19—ANALysis OF PowER INPUT TO ROLL Motors WHEN ROLLING 
PLATE (SEE Fic. 18). 


1. Percentage of net rolling work to total input. 


2. e “ acceleration by « “ be 
3. « “friction & iron loss“ = - 
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Original slab 3 by 30} by 75.9 in. Finished plate } by 30 by 612 in. Temperature 
of metal 2030 to 1200 deg. fahr.—Composition: Carbon 0.18 %, Phosphor 0.025 %, 
Manganese 0.48 %, Sulfur 0.038 %.—Ultimate tensile strength 62,900 lb. per sq. in. 


sec. or somewhat more than seventy per cent. It should be 
noted that with this system the energy taken from the generator 
is only half what it would be if rheostatic control were used and 
that with the latter system none of the energy would be 
recovered. In this test, if rheostatic control had been used, the 
total energy required for atceleration would have been 23,600 
h.p-sec., which would have increased the total net input to the 
motor about 50 per cent. 

In Fig. 18 are shown the curves when rolling a slab 3 by 30 by 76 
in. (7.6 by 76 by 193 cm.) weighing 1960 Ib. (889 kg.), to a plate 
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% in. (9.5 mm.) thick by 30 in. (76 cm.) wide. The total time of 
the test was 100 seconds, indicating a maximum capacity of the 
mill when rolling these slabs of approximately 36 tons per hour. 

It will be seen from these curves that the maximum loads are 
considerably higher than shown in Fig. 16. In this case, the 
maximum current input is slightly in excess of 6000 amperes, and 
the braking current reaches a maximum of, approximately, 
3150 amperes. The maximum speed of the mill did not exceed 
75 rev. per min. during any pass. The temperature of the metal 
during this test varied from approximately 2040 deg. fahr. to 
1300 deg. fahr. 

In Fig. 19 is shown an analysis of this test, from which it will 
be seen that the percentage of net rolling work to the total input 
gradually increased, and the percentage of power required for 
acceleration decreased. The copper losses decrease on account 
of the maximum current being smaller, and naturally the friction 
loss increases as the mill is running the greater percentage of 
the time. 

The percentage of energy returned by the roll motors was about 
62 per cent of the input for acceleration. An examination of a 
number of other tests taken at random gives the following figures: 


Input for Energy returned 
acceleration | during braking Percentage 
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The power required to displace the metal varies considerably, 
depending upon the operating conditions. The absolute figures 
depend upon the temperature of the metal, its composition, 
and the type of mill, etc. 

Fig. 20 shows a characteristic curve, when rolling plates on this 
mill, from which it will be seen that the power required increases 
very rapidly with the reduction in thickness, this being due to 
the greater density of the metal, the lower temperature, and the 
lower rate of displacement. 
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The total power required for rolling varies considerably, and 
no definite rule or formula can be produced that will cover all 
the conditions. The relation of the amount of metal displaced 
during the earlier passes, to the total, and such items as the tem- 
perature, amount of draft, number of passes, etc., make it im- 
possible to give general figures. The net rolling work which is in- 
dependent of the losses in the equipment also varies widely, and 
a thorough knowledge of the conditions is necessary to predict 
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Fic, 20—CurRvE SHOWING INCREASE IN POWER REQUIRED FOR Dits- 
PLACING METAL WITH REDUCTION IN AREA. 


the power requirement of an installation. In Fig. 21 are shown 
some curves of the net rolling work per ton plotted against 
elongation and it will be seen that the variation is considerable. 
The difference in the total power required may show a much 
greater variation than given, but these curves will indicate in a 
general way how the net rolling work varies with the displace- 
ment of the metal. In a test made when rolling a certain slab, 
in seven and in fifteen passes, the net rolling work showed a dif- 
ference of about 10 per cent, but the total input varied about 
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50 per cent, due to the reduced capacity of the mill when rolling 
at the lower rate. Such points as these show the importance of 
a very close examination of operating conditions when designing 
a mill of this kind, and to insure success an electrically driven 
reversing rolling mill requires very careful engineering, as the 
problem is not so much to get a mill that will work, as to get one 
that will work economically. 

At times great stress has been laid upon the advantage and 
necessity of very rapid acceleration and reversal. The author 
has pointed out previously that this feature is of little importance, 
as, with a well designed plant, the roll motors can be handled 
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Fic. 21—TyricaL Tests SHOWING POWER REQUIRED TO ROLL PLATES 
FROM SLABS. 


Slab Plate Temperature, deg. fahr. 
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more quickly than the material to be rolled. In this mill it is the 
general practise during the earlier passes to have the feed rolls 
running at full speed in the opposite direction to main rolls, so 
that when the slab leaves the mill, it is returned in the shortest 
possible time. In spite of this, the main motors are easily capable 
of reversing in ample time. An examination of a large number of 
tests on this and other mills shows that the average rate of accel- 
eration used does not exceed about 20 rev. per min. of the rolls 
per second, the maximum being about 30 rev. per min. per 
second, The rate of retardation is, however, very much greater 
and generally varies between 40 and 50 rev. per min. per second. 

The over-all efficiency of the plant depends in the first place 
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Fic. 22—OPERATION OF UNIVERSAL REVERSING PLATE MILL UNDER 
Various CONDITIONS. 
Over-all efficiency, from input to power required to displace metal, including mill 
friction. 
a. Rolling slab 7 by 30} by 76 in. to jin. plate. 
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Fic. 23—CurvVES SHOWING THE OVER-ALL EFFICIENCY OF ELECTRICAL 
EQUIPMENT AND MILL WHEN ROLLING INGOTS TO BILLETS. — 
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upon the relation of the size of equipment to the material to be 
rolled. As already pointed out, a mill of this kind cannot be 
compared to one rolling only a single product, in which case the 
operating characteristics can be very accurately predicted. As 
this mill will be often underloaded, the efficiency naturally suf- 
fers, which is true, independent of the system of driving. In 
Fig. 22 are shown some over-all efficiencies when rolling slabs of 
various sizes, and it shows how the results improve with an in- 
creasing load. In addition to the losses in the electrical equip- 
ment, these curves also allow for the friction of the mill. To 
show the difference that the underloading, when rolling the 
smaller slabs, makes upon the efficiency, compared to what can be 
obtained when the mill is designed for one class of product only, 
there are presented in Fig. 23 the over-all efficiency curves of a 
blooming mill taken from a previous paper by the author.” 

The results obtained from this mill indicate that although the 
equipment was built six years ago, it compares very favorably 
with some of the latest designs and is quite capable of meeting 
the most severe service it may be called upon to perform. In 
new designs, certain features would be improved upon, with the 
object of somewhat simplifying the equipment from a manufac- 
turing standpoint, but it is not believed that any great improve- 
ment could be made from an operating standpoint, as since it 
has been in regular service the electrical equipment has given no 
trouble. The experience gained has shown that the engineers of 
the Illinois Steel Co. were thoroughly justified in undertaking 
this pioneer installation without having any precedent whatever 
to work upon. 

2. Electrically Driven Reversing Rolling Mills, TRANSACTIONS A.I.E.E., 
1911, XXX, II, page 1599. 
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DISCUSSION ON ‘‘ THE OPERATION OF A LARGE ELECTRICALLY 
DRIVEN REVERSING ROLLING MILL” (SyKEs). PITTs- 
BURGH, Pa., APRIL 26, 1912. 


R. A. Black: The discussion has been on electrically op- 
erated rolling mills. A question comes to my mind as to the 
comparative cost of electrically operated versus steam-operated 
mills. This is one thing that electrical engineers are facing now, 
the question of which pays. I heard the superintendent of a 
large steel mill say recently that this subject has never been taken 
up and thoroughly discussed, and that he had never been able 
to find any comparison of the cost of operating an electrical mill 
and a steam-driven mill. Is it better? Is it cheaper? Does 
it pay to operate electrically? Which is the more flexible? 
Can you turn out steel as quickly and as economically with 
electric as with steam-operated mills? 

As I understand the construction of the electrically operated 
reversing mills, there is a motor-generator set with a heavy 
flywheel between the switchboard and the mill motor which 
takes all undue stress from the switchboard, this being ac- 
complished by the energy stored in the flywheel. Is there 
any particular kind of steel mill service that steam is better 
adapted to than electric drive? For instance in bar, billet, 
slab, or plate mills, would steam be better on some and elec- 
tricity for others? 

H. C. Specht: I wish to ask the question in which case it is 
right to use a reversing mill and in which case a three-high mull. 
The difficulty of the three-high mill is well known among steel 
men. As we have a number of steel engineers in this meeting, 
it would probably be very interesting to hear how serious the 
difficulties of the three-high mill are and if there is really in 
all cases enough reason to use the two-high reversing mill, 
instead of the three-high mill. From the electrical point of view, 
the three-high mill would work more economically than the two- 
high reversing mill. The over-all working efficiency of large 
motors on a three-high mill is generally at least 86 per cent, 
whereas with a two-high reversing mill it probably would not 
exceed 64 per cent. 

R. Tschentscher: The questions which Mr. Specht has asked 
in connection with the relative economy of the three-high versus 
the two-high mill, were discussed by me at quite considerable 
length at the Chicago meeting of the American Institute of 
Electrical Engineers, in connection with Mr. Sykes’s paper, and 
I think covered about all I have to say on the subject. There 
is quite a difference of opinion on the subject. Mr. Specht 
mentioned 86 per cent on the three-high mill versus 64 per cent 
on the two-high mill. I think that can be immediately dismissed 
after it is stated. There are so many factors which enter into 
the proposition, that efficiency is really a term which can only 
be mentioned in connection with the full-load operation. There 
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are many other questions of mill practise that enter into the 
rolling, which are of much more vital importance than the . 
mere statement of the relative efficiency of the electrical 
equipment. One equipment with a full load efficiency of 60 
per cent may be a more economical outfit than an equipment 
having a full load efficiency of, perhaps, 90 per cent. 

All these problems, from my point of view, are local problems. 
The question of steam operation versus electrical operation is 
a local problem. If the cost of fuel, the cost of getting power, 
is low, at the mill—I am speaking now of steam power—it is 
possible that a steam-driven mill may be the more economical 
to put in. If the local mill is at some distance from what is 
considered a waste product in the steel plant, for instance, 
blast furnace gas, there seems to be no question but that electrical 
drive is the more economical. The questions of up-keep, the 
questions of steel supply, the questions of the output of the par- 
ticular plant involved, all must be taken into consideration. 

Mr. Specht asked the question as to whether the electrical 
reversing mill was better adapted for one class of output than 
another. I went into that subject quite carefully to the extent 
of obtaining the opinion of men who are considered high-grade 
rolling mill men, and I believe that the consensus of opinion is 
that a three-high mill will give a larger total output for billets 
than a two-high mill, but for plates a two-high mill will produce 
a larger output, and in many cases a better quality of output. 

The question of quality is now of as much, if not more, im- 


portance, than the question of output. If we can obtain better 


quality by the use of the two-high mill, with its graduated speed 
control, that is a factor which is going to appeal to rolling mill 
managers much more than it has in the past. We do not hear 
so much of the word ‘“‘ tonnage’’ now as we did six or seven 
years ago. The question of safety brings in the point of voltage 
and the question of quality. 

James Farrington: I ask Mr. Tschentscher to express his 
opinion of the two-high mill, relative to the three-high mill, 
as to the cost of upkeep, if he has that information. 

R.Tschentscher: There have not been enough data available 
from a three-high mill, electrically driven, versus the two-high 
mill, electrically driven, from the standpoint of the upkeep of 
the mill equipment, to give anything definite; but a comparison 
between two-high and three-high mills, steam-driven, leaves no 
question as to the relative cost of up-keep. I think one ofthe 
biggest points in the three-high versus the two-high electrically 
driven mill is the fact that the two-high mill can be shut down 
instantly, and that there will be a great many more minor repairs 
made in the case of the two-high mill than in the case of the three- 
high mill. Inthe three-high mill shutting down or starting up in- 
volves considerable delay, and those small troubles which may 
come up, which are corrected in the two-high mill, are left in 
the three-high mill until they assume considerable magnitude, 
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before they are given attention, resulting in more expense and 
greater delay. 

E. Friedlaender: With regard to reversing mills and straight- 
running mills with flywheels I would like to make a few remarks. 
The reversing mill is much more extensively used in Europe than 
in this country, due to the fact that rolls can be arranged for a 
number of different sections and in Europe they seldom run on 
straight work for any great length of time, sometimes changing 
rolls two or three times a day. For this reason the reversing 
mill is much handier for them, saving thousands of dollars on 
rolls by not using the straight-running mill for different pro- 
ducts. When a mill is designed for certain products and runs 
most of the time on the same product, a three-high-mill is prefer- 
able, therefore I think the reversing-mill will continue in the future 
to be more in vogue in Europe; and, as has been shown in 
recent installations, a compound condensing steam engine with 
flywheel direct-connected to the roll is going to be hard to 
compete with, as regards cost, when compared with electric 
generators at the power house, transmitting the power, say, 
one-half or one-quarter of a mile, at high tension, and going 
through motor-generator or direct to the motor, unless the power 
is generated at a very low cost without the use of steam. In the 
Pittsburgh district we have generated power at a very low cost, 
and have found out that in considering only the operation and 
repair of the motor, electrically driven mills are more cheaply 
operated, but when considering the repairs to the total installa- 
tion, it is found that the modern compound condensing steam 
engine supplied with a flywheel is very hard to beat. 
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ELECTRICAL CONTROL OF A LARGE MINE HOIST 


BY H. W. CHENEY 

The most serious problem encountered in the application 
of electric drive to large mine hoists is that of electrical control. 
It is necessary, in order to secure continued successful operation 
of an electric hoist, to furnish a control system which is absolutely 
reliable at all times. The design must be such that all parts of 
the apparatus will withstand the most severe, and even unreason- 
able, conditions of service without giving trouble and without 
repeated attention and repairs. It should be so designed that 
it is impossible for the operator to damage the controller or any 
part of the machinery by a wrong movement of the operating 
handle or by misjudgment of conditions. 

This may be said of electrical control in general, but it applies 
with particular force to mine hoists, which are usually located 
remote from supply centers, are operated by men who are un- 
familiar, as a general rule, with electricity, and where delays 
in operation mean tremendous losses to the mining companies. 

In the electrical control of large induction motor-driven hoists, 
of which there are, to date, very few in this country, conditions 
are unusually exacting. The embodiment of all the desirable 
features of control for this class of service is a problem of no 
small moment, and is deserving of the best efforts and attention 
of engineering talent, for the advantages of the use of large in- 
duction motor-driven mine hoists are many and their use will 
become more general with the advent of suitable means of con- 
trol. 

It is the purpose of this paper to give a description of the 
general layout of a mine, an electrically driven mine hoist, a 
more complete description of a novel control system embodying 
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a liquid rheostat employed for the the control of the hoist motor, 
and to outline some of the tests made upon the entire outfit 
during actual operation. 

An electrical mine hoist (see Figs. 1 and 2) was installed at 
the No. 3 iron mine of the Woodward Iron Company at Wood- 
ward, near Birmingham, Ala., and was ready for operation in 
December, 1909. It is of the unbalanced type, and consists of 
a single drum 8 ft. (2.4 m.) in diameter and 40 in. (1.01 m.)long, 
with winding space for 2500 ft. (762 m.) of 14-in. (3.8 cm.) wire 
rope. The drum is provided with a band brake which is auto- 
matically applied by a weight and released by air pressure under 
the control of the operator. It is driven by a 500-h.p., three- 
phase, 25-cycle, 375-rev. per min. wound-rotor induction motor 
through a flexible coupling, triple reduction gear and an air- 
operated friction clutch of the Lane type. The hoist is designed 
for a maximum rope speed of 750 ft. (228.6 in.) per minute, and 
a maximum rope pull of 25,000 Ib. (11,339 kg.) 

Provision is also made for hand operation of the clutch and 
band brake from the operator’s platform, to provide means for 
operation .in case of emergency or failure of the air supply. 

An important feature of the hoist consists of means for auto- 
matically applying the brake in case the supply of currrent to 
the hoist motor fails. This consists of an alternating-current 
solenoid, energized from the supply circuit through a potential 
transformer, so arranged that when the solenoid circuit fails 
the core of the magnet drops and actuates an air valve on the 
brake cylinder, allowing the brake to be set as usual by 
gravity. 

The plan and profile of the mine where this hoist is installed, 
as developed at the time of installation, is illustrated in Fig. 3. 
It will be noted that a uniform grade of approximately 74 deg., 
and 676 ft. (206 m.) in length, reaches from the surface to the 
knuckle, and that the slope beyond the knuckle varies, but is 
approximately 25 to 30 deg., although local faults may increase 
this grade materially at points. Branch headings are designated 
as “‘ first left,” ‘‘ first right,” ‘‘ second left,’ ‘‘ second right,’’ etc. 
These headings may eventually be developed to a length of from 
one-quarter to one-half of a mile, (402 m. to 804 m.), or until met 
by similar headings from an adjacent mine. 

The track of the mine is 42-in. (1.07 m.) gage, and standard 
mine cars weighing 2500 lb. (1134 kg.), empty, are used. As 
many as five cars are hitched in train and each may be loaded 
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with approximately four tons* of ore, making a total load, in- 
eluding cars, of 52,500 lb. (23,813 kg.). 

The track curves at the brarich headings are very sharp; in 
most cases the radius does not exceed 8 ft. (2.4m.). By reference 
to the plan and profile of the mine, it will readily be seen why the 
highest peak of the hoist load occurs as the loaded cars are being 
pulled around this sharp curve onto the incline. Often loaded 
cars become derailed at this point, owing to the sharp curve, and 
must be pulled onto the track at the curve. It is this contin- 
gency that calls for the greatest effort on the part of the hoist and 
draws the greatest amount of power from the transmission line. 

The tipple shown in Fig. 4 is of more than passing interest, 
and consists of a rotatably mounted cylindrical framework into 


ee cial 


or area 


which the train of mine cars is drawn. The wheels of the cars 
run under a supplementary railin the framework which maintains 
the relation of the cars and track while dumping. The ore cars are 
automatically dumped by the rotation of the cylinder, which is 
accomplished by means of compressed air under the control of 
the operator. A large sheave is placed at the outer extremity 
of the tipple over which the wire rope is carried from the drum 
of the hoist and attached to the mine cars. This rope also passes 
over wide sheaves or rollers at intervals along the track during 
the descent of the cars into the mine, thus relieving the friction 
and wear of the rope. During the hoisting operation, as the cars 
approach the tipple they are stopped for a moment at the weigh- 
ing platform shown in the cut, where each trainload of ore is 


*One long ton=1.016 metric tons. 
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weighed and recorded. After being dumped into the huge hop- 
per underneath the tipple, the ore, which is in the form of rock, 
passes through the crusher into the cars which are used to haul 
it to the blast furnaces. 

Only two men are required at the surface during regular op- 
eration: the hoist operator and the weigher. 

The hoist at this mine is approximately four miles from the 
power house of the company, and electrical energy is transmitted 
at a voltage of 3300 and a frequency of 25 cycles over a three- 
phase system. 

The hoisting engine and the electrical control equipment are 
housed in a brick building which is located on the slope of the 
hill just above the mine entrance. 

The 3300-volt lines are brought into the hoist house and con- 
nected to high-tension busbars. Two switchboard panels 
are installed, consisting of the main motor panel, upon which 
are mounted an overload no-voltage release oil switch and an 
ammeter with a current transformer, and a line panel, upon which 
a non-automatic oil switch, an ammeter with a current transfor- 
mer, and three three-pole single-throw fused knife switches are 
mounted. 

Three transformers of 50 kw. capacity, having a ratio of 3300 
to 220 and 110 volts, are connected in delta to furnish energy 
for lighting, for running an electrically-driven air compressor 
used as an auxiliary, and a circulating pump for the liquid rheo- 
stat. An electrolytic lightning arrester is also installed for pro- 
tection against lightning disturbances, which are frequent in the 
locality of this installation. 

Fig. 5 shows a diagram of electrical connections of the control 
system. Referring to this diagram, the electrical operation of 
the hoist is as follows: 

The non-automatic oil switch on the transformer panel is 
first closed, thus exciting the transformers. The three-polesingle- 
throw knife switches on the same panel are then closed, supplying 
alternating current at 220 volts to the motor of the water cir- 
culating pump, to the air compressor motor through a pressure 
regulator switch, to the no-voltage coil of the main oil switch on 
the motor panel, and to the terminals of a switch connected to 
the brake solenoid. This latter switch is mechanically connected 
to the overload no-voltage release oil switch so that both are 
opened and closed simultaneously. The overload no-voltage 
release oil switch is now closed and the hoist is ready for regular 
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operation from the hoist platform. It should be stated that in 
the oil switch used, the overload coils are direct series trip coils, 
and the overload and no-voltage coils act independently of each 
other on the mechanism to trip the switch. A forward move- 
ment of the operator’s control lever closes the primary switch 
making final connection to the primary winding of the induction 
motor for hoisting, while a reverse movement of the same lever 
closes the primary oil switch making reversed connection with the 
primary winding of the motor for lowering. It is necessary to 
provide the reversing feature, since the slope of the mine near the 
entrance is not sufficient for empty cars to unwind the drum of 
the hoist by gravity. 
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The secondary windings of the motor are connected to the 
terminals of a liquid rheostat for varying the resistance of the 
secondary circuit and controlling the speed of the motor. The 
operation of this rheostat is controlled by the same lever that 
is used to open and close the primary switch. The details of 
construction of the lever mechanism will be explained later. 

Particular attention is called to the limit switch. This switch 
is placed on the tipple in such a position that if the cars overrun 
it will be mechanically opened by a track lever. The circuit of 
‘the no-voltage release coil of the main oil switch passes through 
this limit switch, and in case the car passes the limit of travel 
the oil switch and solenoid brake switch are automatically 
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opened, thus cutting off the motor current and automatically set- 
ting the brake regardless of the position of the operator’s handle. 
In case of overload or short circuit sufficient to trip the oil 
switch, the brake is also set by the means above described. 

A push button which is normally open is provided on the motor 
panel for closing the circuit of the no-voltage release coil of the 
oil switch after the cars have overrun in order to back them into 
position again for regular operation. This is purposely arranged 
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so that an extra man will have to be called upon to help the op- 
erator after an automatic stop at the tipple has been made. 
This provision was made so that carelessness at this point would 
be reduced to a minimum on account of the inconvenience 
caused by it. 

Another safety feature worthy of notice is a provision for the 
automatic opening of the overload no-voltage oil switch in case 
the non-automatic transformer switch is opened, thus cutting off 
supply current to the auxiliary apparatus, and also making it 
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impossible to hold the overload no-voltage switch closed unless 
the non-automatic transformer switch has first been closed. 

The general layout of the controller in its relative position 
to the cage of the hoist is shown in plan in Fig. 6, and in ele- 
vation in Fig. 7. The controller consists of a primary switch 
for closing, opening and reversing the 3300-volt primary con- 
nections to the motor, and a liquid resistance in the secondary 
circuit of the motor to limit the line current for the required 
torque at starting and for speed regulation during regular op- 
eration. 

The primary switch is oil-immersed and is of the rotary mul- 
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tiple-break type. It is so arranged that when turned in a clock- 
wise direction from the off position connections are made for 
forward rotation of the motor, while if turned in the opposite 
direction the motor is reversed. 

The liquid rheostat for the secondary circuit is shown in de- 
tail in Fig. 8, and consists of a concrete tank in which stationary 
plates of cast iron are suspended as electrodes. Electrolyte is 
then raised or lowered in the tank by mechanical means to vary 
the resistance between the electrodes. The electrodes are hung 
on insulating supports which are set in a recess in the concrete 
tank near the top. They are ribbed to give maximum contact 
area with a minimum amount of space and are made of a special 
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form which was carefully worked out to give a smooth speed and 
accelerating curve. Four electrodes are used for the three-phase 
circuit, the two outer ones being connected together and to one 
phase. By proper spacing, which was determined by preliminary 
test, the correct amount of resistance and a balanced three-phase 
star-connected resistance is obtained at all times. By the use 
of ribbed angle plates, which are bolted to the electrodes near 
the top, and which overlap each other with a small intervening 
space, the effective distance through the liquid between plates 
is gradually decreased, and the effective area of the plates is 
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gradually increased, as the liquid is raised in the tank. At the 
highest level of the liquid the plates are practically short-cir- 
cuited by the electrolyte which flows in and fills the small space 
between the horizontal portions of the angle plates. 

The electrolyte used consists of ordinary well water in which 
a small quantity of salt was dissolved. The amount of salt 
which gave the bests results with the water used in the liquid 
rheostat where this hoist was installed, was found to be nine 
pounds of salt per one thousand gallons of water, or approxi- 
mately one-tenth of one per cent by weight. 
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A cooling tank is located in the basement directly under the 
rheostat tank, and a centrifugal pump serves to pump the 
liquid from the cooling tank into the rheostat tank and to keep 
it in continuous circulation. This pump is driven by a 220-volt 
Squirrel-cage induction motor and is run continuously. A gate 
valve is placed in the discharge pipe of the pump to regulate the 
rate of flow into the rheostat tank. 

The height of liquid, and consequently the amount of resist- 
ance in the secondary circuit of the motor, is regulated by means 
of two movable weirs in the form of pipes which are raised or low- 
ered through an opening near the bottom of the tank. By the 
use of the pipe construction for the weirs, all friction, due to 
side pressure of the liquid, is eliminated. The arrangement is 
such that all of the liquid cannot escape through the weirs when 
in their lowest position. The lower ends of the electrodes are 
thus always immersed and the secondary circuit is never opened. 
The total area of the openings through the weirs is approximately 
double that of the inflow pipe, and is sufficient to allow the max- 
imum amount of liquid in the rheostat tank to escape into the 
cooling tank in ten seconds, including the continuous discharge 
from the pump. With the gate valve wide open and the weirs 
raised to the highest point, the rheostat tank will fill in approxi- 
mately 20 seconds. This time may be increased as much as 
desired by adjusting the opening of the gate valve. 

All of the metal parts inside of the tank, with the exception 
of the cast iron electrodes, are heavily galvanized to prevent de- 
terioration from rust. 

Since compressed air is utilized for actuating the clutch and 
brake mechanism of the hoist, the control mechanism was de- 
signed for air operation throughout. A double-acting air engine 
is connected to the weirs through a rocker shaft and levers and to 
the primary oil switch through a reversing clutch in such a man- 
ner that the first part of the upward piston stroke closes the oil 
switch, and a continuance of this movement raises the weir. 
This engine is provided with an adjustable oil cataract and a 
floating lever valve device, by means of which the air piston 
may be stopped and held at any point corresponding to the 
position of the operator’s lever. 

The operator’s lever, which is located on the cage or platform 
of the hoist, rests at the central point of a notched sector when 
the controller is at ‘‘ off’ position. When the lever is moved 
away from the operator, the first movement sets the clutch on 
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the primary oil switch for clockwise movement of the rotating 
member of the switch, and a further movement of the lever opens 
a valve and admits air to the air cylinder, which first closes the 
switch and then raises the weirs to any desired height. Tostop the 
motor the leveris returned to the “‘ off’’ position. A mechanical in- 
terlock is provided at this point to prevent the operator from throw- 
ing the lever to reverse position until the weirs reach the lowest 
point and the maximum secondary resistance is inserted. In 
case it is desired to run the hoist motor in a reverse direction, 
the operator’s lever is moved toward the operator, when the 
clutch on the primary switch is first set for counter-clockwise 
movement of the rotating member of the switch, and the rest 
of the operation is the same as before described, except that the 
motor runs in the reverse direction. 

The by-pass of the oil cataract on the air piston is adjusted for 
the maximum allowable piston speed at which no jar or shock to 
the mechanism occurs when the operator’s lever is thrown quickly 
from one extreme to the other. The gate valve is set for min- 
imum time of acceleration for a given primary current with an 
average load of ore on the average grade. Semi-automatic ac- 
celeration is thus obtained; that is, if the operator throws his 
lever to the extreme position, the acceleration of the hoist is 
automatic and will be accomplished in as quick a time as can 
be done without too heavy a draft of current from the line, while 
if it is desired to regulate the rate of acceleration the operator 
may allow the operating handle to remain at any intermediate 
point between the off and the full-speed position, which allows 
regulation anywhere inside of the limits for which the controller 
is set. 

During the tests which followed the installation of this con- 
troller, every conceivable movement that could be given the 
operator’s lever was tried, and it was found that no damage what- 
ever could be done to any part’of the outfit by improper manip- 
ulation of the control lever. 

Owing to the lack of reliable data from the experience of others, 
it was found necessary, before designing this controller, to make 
preliminary tests to determine the necessary data to be used. 
A large number of tests were made to determine the proper sur- 
face area of electrodes per ampere of current. It was found 
that with alternating current two amperes per square inch could 
be used as a fair average, and that the area could be varied 
between one ampere per square inch for continuous service and 
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three amperes per square inch for intermittent service without 
undue deterioration of electrodes or excessive generation of gases. 

Tests were made to determine the inches per volt drop at 
different temperatures for different solutions. Fig. 9 shows a 
typical curve obtained for a 5.4 per cent solution of common salt 
(NaCl) in distilled water, by weight, and also for a solution of 
caustic soda (NaHO,). Curves were also consulted for solutions 
of sulphuric acid (H2SO,), caustic potash (KHO), sodium sul- 
phate (Na2SO,), and copper sulphate (CuSO,), but the conclu- 
sions reached were that good average results could be obtained 
by the use of common salt solution and that its use would 
be preferable for a mine hoist controller on account, more par- 
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ticularly, of the ease with which it can be obtained and on 
account of its mild action on the metal electrodes and piping. 
A series of tests was made to determine the most feasible 
arrangement of plates to obtain balanced three-phase resistance 
and at the same time to conserve the volume of the rheostat 
tank. Several schemes were proposed and tried, and while a 
number of different arrangements were found which gave perfect 
balance, the one shown in Fig. 10 was adopted as being best suited 
to a tank of rectangular construction, and saving of space. 
While, theoretically, the watts dissipated at a given temper- 
ature depend upon the surface area of the liquid and not upon 
its volume, experiment demonstrates that calculations based on 
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watts dissipated per cubic inch (16.4 cu. cm.) of liquid are more 
reliable and may be followed with the best results in actual 
practise. Fig. 11 shows a curve giving the approximate rise in 
temperature which may be expected for from one to four watts 
dissipated per cubic inch (16.4 cu. cm.) of solution. 


Fic. 10 


For the purpose of making tests on the hoist and controller 
a portable instrument rack was constructed, upon which were 
mounted a graphic recording polyphase wattmeter, a graphic 
recording ammeter, a graphic recording speed indicator, two 
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indicating voltmeters, two indicating ammeters, and a polyphase 
integrating wattmeter. 


Owing to the time of the hoisting cycle, it was necessary to 
speed up the record strips in the recording instruments to about 
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6 in. (15 cm.) per minute. This was done by driving the instru- 
ments through a countershaft by means of a small synchronous 
motor mounted upon the rack. The recording speed indicator 
consisted of a voltmeter connected in circuit with a magneto 
driven by the hoist motor. The recording wattmeter, ammeter, 
and the integrating wattmeter were connected in the primary 
circuit of the hoist motor and the indicating voltmeters and am- 
meters were connected in the secondary circuit. Two recording 
or integrating wattmeters, which are unaffected by frequency 
changes, and which are reasonably accurate over a wide load 
range, were connected in the secondary circuit of the hoist motor. 


3300 VOLT 
PRIMARY 
an 


Ne POTENTIAL 
3 TRANSFORMER SN 
3300 TO 110, 


CURRENT 
TRANS. 
150 TO 
5 AMPS, 
MOTOR 
GENERATOR 


1 H_| 


110 V. 
0.C. 


THOMPSON 
INT, WMS. 


220 Vv. 
SPH. 25 CY, 
A.C. 


SERIES 
RES, 


500 H.P. 


HOIST MOTOR s 
i Sara! TO 
passic’ LIQUID 
Cte aes FES BTL 
pets 


RHEOSTAT 


CURRENT TRANS, 
600 TO 5 AMPS. 


K 
MAGNETO 


Fries 12 


Observations as to line voltage, frequency, etc., were made upon 
the regular switchboard instruments. 

A diagram showing instrument connections used in making 
tests is shown in Fig. 12. All instruments were carefully cali- 
brated in the factory laboratory preparatory to the test. 

Readings were made and records taken on a large number of 
complete trips during regular operation of the hoist soon after its 
installation. No special preparation was made in the mine in 
regard to loads and heights of lift, but accurate records were kept 
of the weights of each load and of the heading of the mine from 
which it came. The hoist was operated during the test by regu- 
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lar employees of the mining company, who were at that time un- 
accustomed to the use of electric hoists. The track had been 
relaid to a wider gage and new cars of greater capacity had been 
installed when the operation was changed over from steam to 
electricity. The track and cars were consequently in good con- 
dition. 

Fig. 13 shows typical graphic meter records giving kilowatt 
input, primary amperes and speeds during one complete cycle 
of 82 minutes,and from the No. 4 left heading, with a five-car 
load weighing 37,700 lb. (17,100 kg.) gross, or 25,200 lb. (11,430 
kg.) of ore, net. 

Based upon data obtained from this curve and from the obser- 
vations taken during the trip, which represents a fair average 
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of the regular performance of the hoist at the time the tests 
were made, calculations show the combined efficiency of the 
hoist and controller during the hoisting period to be 36.7 per cent. 

From the records of these tests exact information is available 
as to the watt-hours input per ton-foot of ore hoisted, energy 
output and actual work done, percentage of loss of the liquid 
rheostat controller and total combined efficiency of the entire 
outfit. 

The nature of the work to be done in electrical hoisting is so 
varied and conditions encountered are so different in different 


mines, that a hoisting equipment which is entirely suitable for ~ 


one class of work may be out of the question on another class of 
work, 
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In a great many cases the efficiencies, so far as actual consump- 
tion and energy input are concerned, are a secondary consider- 
ation to the speed of operation, continuity of service, reduced 
manual labor, reduced maintenance cost, and reduced initial 
cost of the hoisting equipment. 

In each case conditions must be very carefully studied to de- 
termine the type of hoist most suitable for the work in order 
that the total operating expenses for a given result may be as 
low as possible, and in order that the initial expense of the equip- 
ment may not be prohibitive. 

It is a well-known fact that rheostatic control of electric motors, 
whether used for alternating or direct current, is inherently in- 
efficient. There are, however, innumerable places where the 
fact remains that it is good engineering to employ this form of 
control owing to simplicity in design and operation. 

Where it is desired to employ alternating-current induction 
motors for hoisting operation, rheostatic control is necessary in 
order to regulate properly the speed of operation. The use 
of such motors for hoisting service is increasing, due to low main- 
tenance cost, low initial cost of plant, and reliability of service 
obtained. 

The extremely smooth acceleration obtained with the liquid 
rheostat, which is not possible with other types of control, 
is of inestimable value in mine hoisting. It is possible to move 
the rope a foot or two very slowly and without jerks or sudden 
impulses. This is of great advantage in taking up the slack in 
the rope and in pulling the loads out of the branch headings. 
Practical operation has demonstrated that there are very few 
wrecks inside of the mine employing this form of control as com- 
pared with the numerous wrecks had in adjacent mines where 
steam hoists are used. 

In.conclusion, it is the belief of the writer that the liquid rheo- 
stat type of control offers possibilities which have not received 
warranted attention in this country, and that with proper de- 
velopment along this line a highly satisfactory solution is avail- 
able for the problems encountered in the control of electric mine 
hoists, especially those employing alternating-current induction 
motor drive. ; 
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Discussion ON “‘ ELECTRICAL CONTROL OF A LARGE MINE 
Hoist’? (CHENEY), PittspurcH, Pa., Aprit 27, 1912. 


H. M. Gassman: I have had an opportunity to examine 
critically this installation. I can confirm all that Mr. Cheney 
has said in regard to the operation. I wish to emphasize par- 
ticularly the smooth acceleration obtained. There was abso- 
lutely no noticeable jerking or impulse given to the rotor in 
starting with this type of control. Furthermore, I made it a 
special point, from the operating end, to inquire into the main- 
tenance of this type of starter, and I was told by the man 
responsible for its operation that it is practically nothing. 

W.O.Oschmann: Is the air clutch for any purpose other than 
allowing the cars to drift into the mine when the hoist motor is 
stopped, and is the maintenance of this clutch excessive? 

I would also like to know if a slack cable device is used on this 
hoist which will automatically stop the hoist when cars are being 
lowered into the mine, if for any reason the cars become de- 
railed or are otherwise accidentally stopped. 

H. E. White: The paper presented by Mr. Cheney is of 
unusual importance in that it shows clearly the possibilities 
of a type of control hitherto little used in this country, but which 
is in Europe a recognized standard for large induction motors 
driving mine hoists. 

One is greatly impressed with the simplicity and reliability of 
the whole thing as compared with the systems of control with 
magnetic switches which are the nearest equivalent. About the 
’ only adjustment requiring care is the maintenance of the proper 
saturation of the electrolyte, and this would not seem to be very 
difficult. Some losses in the water would occur, but these could 
readily be noted and the deficiency made up. 

It is to be presumed that Mr. Cheney is familiar with some 
of the means which are in use elsewhere whereby a very quick 
emptying of the tank can be accomplished. In the application 
described this does not seem necessary, but in some cases the 
time of emptying, given as ten seconds, would be too slow. 
An almost instantaneous emptying is sometimes secured by using 
weirs that cover all of one side of the tank and which can be 
lowered very quickly to allow the electrolyte to escape. This 
arrangement would be necessary where a quick reversal of the 
motor is required. The use of compressed air as described in 
Mr. Cheney’s paper would seem adverse to the very quick 
opening of the weir. The quickest results could be secured 
where the weir is carefully balanced and is controlled directly 
by hand. When properly made such a weir will not require a 
very great manual effort. : 

In designing a water rheostat there is some difficulty in getting 
proportions that will result in a small slip at full load, it being 
impossible to reduce the minimum resistance quite to zero. 


1912] DISCUSSION AT PITTSBURGH 701 


Considering the other advantages this should not be serious 
enough to lead to its rejection. 

In conclusion the writer wishes to express his belief that the 
water rheostat will meet with greatly increased use in this 
country. 

Wilfred Sykes: The application of the brake by means of a 
solenoid which will open the air exhaust is the usual practise 
with European manufacturers, and to my knowledge it has been 
used since 1900 as part of the regular equipment of two principal 
European electrical manufacturing concerns. 

Mr. Cheney drew particular attention to the limit switch, 
and I would like to point out that limit switches on any alter- 
nating-current hoist to trip when the cars pass a certain point 
are useless as far as concerns protecting the equipment against 
damage. The reason is that in order to allow the cars to approach 
the surface or the tipple at a slow speed the limit switch must be 
set beyond the dumping point. If for any reason, however, 
the operator fails to cut off the current from the motors and the 
cars are running, as in this case, practically on level track, the 
inertia in the moving part is sufficient to carry them on to the 
head sheaves. From the illustration it appears there is not 
a very great travel allowable beyond the dumping point, and 
if the operator should fail to cut off the current at the right 
place or slow down properly, it is possible to wreck the whole 
outfit. To overcome this, a patent has been taken out in England 
for a device which arranges the control in such a way that if you 
do not slow down at the proper rate, when you are approaching 
the surface, the brakes will be applied; assuming you start to 
slow down 50 ft. from the surface, and you run that distance at 
rather high speed, the brakes will come on before the cars reach 
the surface. On the other hand, if you slow at the proper rate, 
the prescribed rate, this apparatus does not come into play and 
nothing happens. 

In the description of the liquid controller, and it seems to me 
that this is the principal item in this hoist, it is stated that the 
electrode tank is concrete lined. I would like to ask why that is 
done. An experience over a great many years, with a liquid 
starter, has demonstrated to me that if you do not have an 
electrolyte that is corrosive a plain iron tank is very satisfactory, 
and I know of a great many starters that have been used for 
seven or eight years, and there has been no trouble from the 
tanks being eaten through. 

It is not quite clear why the electrodes were arranged in the 
way they are, with cross plates between them in order to increase 
the area and reduce the effective distance between them. It 
seems to me the obvious arrangement is to have a number of 
vertical plates, and you can have these of different lengths, so 
that as the liquid rises the resistances are readjusted in the proper 
way. It is not necessary to have the electrodes so far apart as 
shown in Mr. Cheney’s paper, nor, in my opinion, is it necessary 
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to work with this low current density. I have repeatedly run 
liquid starters in which the electrodes were not more than a 
half-inch apart with current densities up to ten amperes per 
“square inch, and you can do that for short periods, such as will 
be required in the acceleration of a hoist of this kind, provided 
you have the forced circulation and the liquid flows rapidly 
between plates. If you have a stationary liquid, and no forced 
circulation, then you cannot run the density so high, but there is 
no difficulty in running it up to 10 amperes per square inch for 
other purposes. Usually, it is a good deal lower than that. 

I would like to ask why salt is adopted. My experience has 
been that common washing soda or carbonate of soda is about 
the most satisfactory electrolyte that can be obtained. It is 
cheap, and a good many tests have shown that the corrosion with 
this electrolyte is a good deal less than with anything else you 
can obtain. I would like to refer to some tests published in the 
Electrotechnische Zeitschrift, about four years ago, which go very 
completely into the question of corrosion of the electrodes with 
different electrolytes, both for direct current and alternating 
current. 

This apparatus seems to me to be very large for the amount of 
work intended to be performed. There is no dimension given 
of the size of the cooling tank. As far as I can judge, it 
seems to be five feet wide, but the length you cannot tell; but for 
the amount of energy that has to be absorbed by this starter, 
this seems to be very large indeed, especially the electrode tank. 
I have repeatedly started motors up to 1000 h.p. on starters in 
which the electrode tank was only about 24 in. square, and the 
electrodes immersed about fifteen inches in the water. As a 
matter of fact, with some of the European concerns, it is more or 
less standard practise to have that proportion. You can run the 
starter much harder when you have forced circulation than you 
can in this case. 

The question has been raised as to the time required to 
empty the tanks. No doubt in this installation the quick 
emptying of the tanks was not necessary, but if you have a 
vertical hoist where it is quite often necessary to plug the 
motor in order to protect it, you must be able to empty the 
tank almost instantly, and I should set a limit of not more 
than two seconds as about the maximum which you can stand 
for any vertical hoist in order.to obtain proper control. It 
would be absolutely out of the question for it to be necessary 
to take 10 seconds for any fast work. In this case probably 10 
seconds is all right for a slow hoist. 

The last discussion I think pointed out that in order to get 
quick operation of your hoist the best arrangement would be 
to have the weirs manually operated. I think if you design 
the starter properly you can work this all right. The addition of 
air cylinders and the various lever arrangements described 
certainly must increase the cost of the starter quite appreciably, 
and also it gives so many parts that may possibly give trouble, 


1912] DISCUSSION AT PITTSBURGH 703 


Mr. Cheney stated that there was very little information 
available when he started to design this controller, regarding 
liquid starters. There is a good deal of information, however, 
which has been published in the German papers like the Elek- 
trotechnische Zeitschrift. There have been quite a number of 
articles in that publication on this subject, and they have given 
a large amount of detail information as to the practise of 
various European manufacturers. 

Regarding the question as to the capacity of the rheostat, 
which Mr. Cheney pointed out—in this case they used the 
number of watts that could be absorbed per cubic inch—my 
experience with a starter of this kind has been that the energy 
absorbed is taken care of by the evaporation of the water, 
and if you have forced circulation with an open electrode tank 
as you have here, you can put in about two or three times as 
much energy for the same volume of water, the same temperature 
rise, as you can if you have not the forced circulation. 

Of course, if you have cooling coils you can practically take 
care of almost the whole of the energy in the cooling water, 
although, in such case, when you are pushing the rheostat very 
hard, a great deal of it is lost by evaporation, but it does not 
necessarily mean that a great amount of water is evaporated, 
on account of the fact that if you evaporate water it takes 
something like 900 B.t.u. per lb., which will take considerable 
energy. 

Mr. Cheney stated that the rheostat control was inherently 
uneconomical in the place where it is, but not always for hoist 
work; in fact, in a great many cases, especially where the hoist 
is only worked to a limited extent, or where the hoist speed is 
low, or the accelerating period is comparatively a small per- 
centage of the total running period, then the rheostatic con- 
trol will be found to be the most economical that you can 
have for a hoist. Where you have very rapid operation, high 
speed and short lift, then some other system, such as the fly- 
wheel motor-generator system, or just the plain motor-generator 
system with voltage control, would probably be more eco- «+ 
nomical; but generally it will be found that the rheostatic 
control is the most economical arrangement for the average 
hoist. 

F. L. Stone: I have read with considerable interest Mr. 
Cheney’s paper on the control of a large mine hoist, and there 
are several points which I would like to discuss. Mr. Cheney 
states that the design of hoist apparatus must be such as to 
withstand most severe and unreasonable conditions of service. 
I cannot understand, when the duty cycle is given, why there 
should be any difficulty in the proper design of the control and 
hoist motor. It seems to me that we know more about the 
loads to be imposed on a hoist motor than almost any other line 
of motor application, and therefore, when the proper use of this 
knowledge is made, there should be no failures in electric hoisting. 
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In regard to the particular hoist described, Mr. Cheney advised 
that the gearing was the triple reduction type. The gear 
reduction from the motor to the drum is only 8.5:1 and 
could be economically obtained by one reduction. If there 
are three reductions as stated, I would like to inquire why, 
since this must of necessity make the friction losses ex- 
cessive. 

In regard to the design of the liquid rheostat proper, I note 
there are but four plates used, and to these plates in the upper 
ends are bolted additional plates for increasing the area of 
contact, and that the plates proper are made of cast iron. With 
this arrangement I can readily conceive the difficulty of having 
the phases balance during the acceleration period. Would it 
not be better to use a multiplicity of plates in parallel on phases, 
such as, say, twelve or fifteen? This reduces the chance of un- 
balancing the phases very materially and gives a very large area 
of contact. These plates can be tapered if so desired. 

I further note that it takes 10 seconds to empty this tank 
and approximately 20 seconds to fill it. It would seem ‘to me 
that if quick reversals were called for in emergency conditions, 
this slow emptying of the tank might produce very injurious 
results, as the motor would be reversed to the very lowest 
resistance in secondary. 

I note further that sodium chloride had been used in the 
electrolyte. Experience has shown that the use of sodium car- 
bonate gives much better results in that there is no active gas 
such as chlorin liberated, and the life of the plates is much 
prolonged. I might further ask why cast iron plates are used 
in the place of sheet steel, the latter being much more readily 
renewed. 

Fig. 13 shows the operation of this hoist very clearly and there 
are several features in connection with these curves about which 
I would like to ask information. First, I note from the revolu- 
tions per minute curve that it takes approximately 60 seconds 
for the hoist to reach running speed. This would seem to me an 

excessively long time to accelerate such equipment. Further 
than this I note that the hoist does not reach running speed 
until the trip is past the knuckle and the load fallen to approxi- 
mately 125 kw. It would seem to me that this points to exces- 
sively high resistance in the liquid control. This point is further 
exemplified by the fact that,from the revolutions per minute 
curve, the slip in the motor, due to the resistance of the controller 
and the resistance of the rotor, is approximately 10 per cent 
with only 100 kw. output. This further points to very high 
resistance in the control. Liquid rheostats are working satis- 
factorily with but 5 per cent slip at full load, of which approxi- 
mately 23 per cent is due to control resistance and 23 per cent 
due to rotor resistance. 

I note that the maximum speed called for is 750 ft. per minute, 
while the average speed, as closely as I can determine from 
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the curve, reached 450 ft. per minute. This means slow 
production. 

I would be glad to hear Mr. Cheney’s comments on these 
points, as they are of vital interest to electrical designers. The 
liquid controller is becoming more and more popular daily and 
within the next two years there will be a great many of them 
installed in this country. ; 

Wilfred Sykes: There was one point I intended to mention, 
and that is the specific resistance of the electrolyte is practically 
of no importance, because if you have the distance between the 
electrodes properly arranged in the right proportion it does not 
make very much difference what the specific resistance of the 
electrolyte is; because this can always be arranged by adding 
more or less salt to the water. In fact, you have to do that any- 
way, because you cannot get any fixed formula for the amount 
of salt required, owing to the variation of the water in different 
localities, so that the main thing in the designing of a starter 
of this kind is to get the areas and proportions of the electrodes 
right. 

E. Friedlaender: I wish to ask how much the efficiency of 
this installation could have been increased by using a smaller 
motor which would have done the work just as well. 

H. W. Cheney: In reply to Mr. Oschmann’s question, I 
will state that the air clutch is simply used to disconnect the 
drum from the driving members of the hoist to allow the cars 
to lower into the mines. There is no slack rope switch provided 
in this installation. 

Mr. White points out that the quick opening of the weir is 
sometimes desirable. Mr. Sykes also mentions this point. In 
quite a good many installations, I agree, it would be extremely 
important that an opening through the weir or possibly an 
auxiliary opening be provided, so that the electrolyte can 
escape very quickly. 

Mr. Sykes mentions a limit switch and states that in an 
installation of this kind a limit switch would be practically 
useless. As a matter of fact; I know that the limit switch has 
in several instances operated and has stopped the hoist in a 
very short distance. I do not know that it has operated at the 
extreme outward travel of the tipple, but I am informed by the 
men down at the mine that the limit switch has proved satis- 
factory. I have not been on the ground, of course, to see just 
what did take place. 

Mr. Sykes mentions concrete and wants to know why con- 
crete was used. As a matter of fact the concrete was adopted; 
not because it was a particularly better design than any other 
material, but partially becatise the people who were installing 
this apparatus were willing to build the tank right in the hoist 
house, and we did not see any reason why the concrete would 
not be satisfactory, and it has proved satisfactory in operation. 

Mr. Sykes mentions that he has had experience in operating 
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liquid rheotsats of up to 10 amperes per square inch. That is 
quite possible, that is, for intermittent periods, and I think 
that it was not the intention of this paper particularly to limit 
the amperage to three—of course, we should be guided by the 
nature of the intermittent service. I have said from one to 
three amperes—one ampere for continuous service, and three 
amperes for intermittent service. Intermittent service is a 
term which may have one meaning in one case and may have 
quite another meaning in another case. If the service is quite 
frequent, then I would say it is better to hold the area, that is, 
the amperes per square inch, down to somewhere near the limit 
given. 

Mr. Sykes also asked why salt was adopted. I believe I 
mentioned in the paper that we found a number of different 
solutions which would probably be satisfactory, but that we 
adopted salt because we found that it worked satisfactorily 
and it was readily obtainable, and people are familiar with it, 
and they are always able to get salt when it is sometimes impos- 
sible to get some of the other materials. 

I wish to say, in regard to the electrode tank being large, that 
I agree with Mr. Sykes that this tank might have been made 
smaller. This was the first liquid rheostat that I have had 
anything particular to do with in the way of designing a con- 
troller for regularly operating a large induction motor, and I 
have found, since the installation of the apparatus, that we were 
on the safe side by a considerable amount. We might have made 
the tank smaller. 

In regard to operating the weirs manually, I would also say 
that that can be very readily accomplished, in fact, it is being 
accomplished in other later designs. This plant was designed 
some time ago, and the description given in the paper, while it 
is not intended to show the latest design for controllers of this 
type, was intended to show a type of liquid rheostat that has 
proved very satisfactory. I quite agree that the forced cir- 
culation of water through the rheostat tanks increases the 
capacity of the electrolyte to absorb energy. 

With regard to Mr. Stone’s point, of course it is quite impos- 
sible to cut out all of the slip with this form of controller, and 
where the controller is running for a large portion of the time 
at somewhere near full speed it would also be quite desirable to 
provide means of short-circuiting the rings of the induction 
motor in addition to the final point of the liquid rheostat. 
That can be easily accomplished by an auxiliary switch. How- 
ever, in this particular installation the trips at the present 
time are comparatively short. 

Mr. Friedlaender asks why a smaller motor could not be used. 
As shown from these curves it would appear that a much smaller 
motor might have been used. As a matter of fact this mine, at 
the time these tests were made, was not developed to anything 
like the extent that it will be developed, we expect, in the future. 
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As the depth of the mine becomes greater, it is anticipated the 
load will be increased materially. The motor we have found 
to be satisfactory and amply large, but in line with the discus- 
sion of some of the papers yesterday, we prefer to be on the safe 
side in specifying motors of sufficient capacity to take care of 
the heavy loads which are obtained in pulling up around the 
curves when the loaded cars become derailed. 

M. A. Whiting (communicated after adjournment): In 
answering the criticism of the high slip (and consequent low 
efficiency) at full speed, Mr. Cheney stated that where the 
period of full-speed running is long it will be advantageous to 
- short-circuit the motor secondary at the brushes by means of 
switches. It is extremely doubtful whether any simple and 
wholly reliable method can be obtained whereby contactors 
(or other forms of switches) can be used to short-circuit the 
rheostat automatically when the liquid rises to its maximum 
level. 

Provided that some means can be found for accomplishing 
this, there still remains another point to consider, viz: the 
fluctuation of load when the rheostat is short-circuited. In 
the installation under discussion (see Fig. 13 in the paper), the 
maximum hoisting speed is 335 rev. per min., representing 
10 per cent slip at a load of approximately 135 h.p. (27 per 
cent rated load). For a motor of this size, of normal design, 
the full-load slip with brushes short-circuited may be assumed 
to be approximately 23 per cent. Now with the motor running 
at 10 per cent slip, to short-circuit the motor secondary at the 
brushes will cause an instantaneous peak of about 250 per cent 
of rated torque and rated current, 7. e., the fluctuations of torque 
and current will be of a magnitude equal to approximately 
200 per cent of rated load. On the other hand, if this equipment 
were called on to deliver rated load at full speed (7.e., with 
minimum resistance of the liquid rheostat), the slip would be 
about 35 per cent, and to short-circuit the liquid rheoscat under 
this condition would obviously be out of the question. 

It might be considered possible to short-circuit the liquid 
rheostat in several steps by means of an ordinary rheostat to 
be thrown in multiple and cut out in steps. Such an arrange- 
ment, however, necessitating several contactors, accelerating 
relays and a device for interlocking with the liquid rheostat, 
all in addition to the liquid rheostat itself, would be entirely 
too complicated to merit serious consideration. 

The only proper remedy for the high slip and consequent poor 
full speed efficiency revealed by Fig. 18 is, therefore, to_use a 
liquid rheostat with a much lower minimum resistance. Liquid 
rheostats have been built (at lower costs than required for 
equivalent secondary control equipments using contactors), 
in which the slip introduced by the rheostat is not more than 
4 per cent at full load. 

Louis C. Marburg (communicated after adjournment): This 
paper is of particular interest on account of its description of a 
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type of control still unusual in this country. The writer wishes 
to join most emphatically with Mr. Cheney in his statement 
that liquid rheostats have not found in America the attention 
they deserve. 

It is a fact known by all those that observe developments in 
various countries, that invariably it takes a number of years 
before improvements made in one country are adopted in 
other countries. However, the liquid rheostat has surely had 
more than its due share of waiting in this country before it has 
found even the slightest favor. Let us remember that the 
locomotives of the well-known Lecco-Collico-Chiavenna three- 
phase line in Italy, which was in operation as far back as 1901, 
use liquid rheostats in regular operation and that innumerable 
control equipments of this type have been installed in Europe 
during the last ten years. 

Among the most interesting examples were two large liquid 
type controllers installed at a mine near Essen, Germany, some 
years ago, for use in connection with two large Ilgner motor- 
generator sets. When the writer visited the plant in question 
for the first time, large and extremely expensive control equip- 
ments of the metallic resistance type were trying to take care of 
the large induction motors. They were entire failures and 
upon his next visit the writer found them replaced by liquid 
rheostats and everybody was happy. 

In advocating these equipments in this country the writer 
has found rather general opposition. When the hoisting equip- 
ment described by Mr. Cheney was constructed, the writer 
was connected with the company that built this hoist and was 
in charge of electric hoisting equipments. To convince the 
customer regarding the merits of liquid rheostats which to the 
writer, in view of European experience, appeared the only 
feasible control, was not so difficult. With his own company, 
however, the writer encountered a general disbelief that the 
equipment would ever be a success and there were many to 
prophesy certain disaster. It is only this attitude, which was in 
line with a dislike of the liquid rheostat still general among 
engineers, that makes it worth while to call attention to the 
successful operation of the equipment. 


A paper presented at the 272d Meeting of the 
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NOTES ON THE USE OF ALTERNATING CURRENT IN 
UNLOADING COAL 


BY W. N. RYERSON AND J. B. CRANE 

The receipts of coal in Duluth-Superior Harbor increased 
from 2,600,000 tons* in 1900 to 8,300,000 tons in 1910. This 
coal comes principally from Pennsylvania and West Virginia’ 
and is brought by rail to Lake Erie ports where it is loaded into 
boats for transportation to Duluth and Superior. Of the re- 
ceipts in 1910, two million tons were anthracite and the remainder 
bituminous coal. At Duluth-Superior Harbor the coal is un- 
loaded from the boats and stored for future demand or loaded 
directly into cars for shipment to various points in Minnesota, 
North Dakota, South Dakota and Montana. 

The storage capacity of all the docks at this port increased 
from 1,000,000 tons in 1900 to over 5,000,000 tons in 1910. 

In 1906 there were two docks equipped for the use of elec- 
trical energy, both using direct current, one of them purchasing 
current from the local lighting company and the other owning 
and operating its own generating plant. In 1911, eleven of the 
twenty-one coal docks were equipped for the use of electrical 
energy, and nine of these are using alternating current directly 
on the hoisting apparatus, while another has installed a syn- 
chronous converter in order to supplement its existing direct- 
current generating equipment by the use of purchased power. 

In 1909, twenty-six per cent of the coal received was handled 
by electrical energy, in 1910, forty per cent, and in 1911, it was 
estimated that sixty per cent of the total coal received would 
be handled by the use of electricity. 

Before the introduction of electrical energy, the largest dock 


*One long ton =1.016 metric tons. 
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had a storage capacity of 250,000 tons, whereas two of the newer 
docks have storage capacities of 1,000,000 tons each and an- 
other is projected of this same capacity but with provision for 
an ultimate storage of 2,000,000 tons. 

The coal handling machinery as at present installed is divided 
into three types: bridge tramway, cable car, and man trolley. 

Bridge Tramway. Figs. 1 and 2 give a general idea of the 
equipment on one of these docks. 

The installation consists of moving bridges, locomotive cranes, 
box car loaders, and screening towers. 

The boats are moored to the unloading side of the dock. In 
case the unscreened coal is to be shipped out immediately the 
bucket takes the coal from the boat and loads it into the cars 
at the opposite end of the dock. In case the coal is to be screened 
the bucket carries it to the rear end of the dock and dumps it 
into the screening towers. Moving buckets carry the screenings 
on to the screenings pile at the rear of the dock. The screened 
coal is loaded into cars by gravity. Coal for storage is dropped 
directly upon the storage pile. 

Twenty-five-cycle, three-phase, 13,000-volt power is delivered 
to the terminals of a transformer house. Three 500-kw. three- 
phase transformers reduce the pressure to 440 volts for dis- 
tribution about the dock. This distribution is accomplished in a 
novel manner. Posts about four ft. (1.2 m.) high, as shown in 
Fig. 2, are spaced at intervals along both ends of the dock. 
Three contacts about 15 in. (38 cm.) apart are placed vertically 
on these posts and the current is transferred to the moving 
machinery by means of shoes, which span two posts at a time. 
The cables for supplying current to the contacts are carried in 
troughs about one ft. (80 cm.) above the ground and protected 
by means of metal covers, which can be easily slipped off for 
the purpose of making repairs to the cables. 

The bridges have an extreme length of 506 ft. (154.2 m.). 
The buckets are controlled from cabs at either end of the bridge. 
They operate by means of cables running over sheaves from the 
cabin on top of the bridge. One 225-h.p., three-phase, 440-volt 
wound-rotor motor drives the hoist for closing and hoisting the 
bucket. For moving the bridge two 75-h.p. motors are used. 

The buckets are all of the clam-shell type and on three of the 
four bridges on this dock weigh seven tons and hold three tons of 
coal. The fourth bridge, installed in the spring of 1911, hasa 
bucket weighing six tons and hoists four tons of coal. On this 
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latter bridge a 375-h.p. motor is used for hoisting and closing 
the bucket and one 225-h.p. motor for moving the bridge. 

The older type of bridge has a hoisting speed of 300 ft. (91 m.) 
per minute and was guaranteed to make 60 trips and unload 180 
tons of coal per hour, and has made 100 trips and unloaded 300 
tons of coal in one hour. 

The new bridge has a hoisting speed of 600 ft. (182 m.) per 
minute and has shown a capacity of 500 tons of coal per hour. 
This bridge has proved so successful that it is proposed to install 
similar apparatus on one of the other bridges this winter. 

The control system on the bridges is alternating-current 
magnetic control and has given no trouble in three years of 
operation. 

The braking is done by means of friction brakes released by 
solenoids. Hardwood shoes were at first used for this purpose. 
These caused considerable trouble from heating, and for the 
past two years asbestos shoes have been used with good re- 
sults. 

The locomotive cranes shown in Fig. 2 are equipped with 
75-h.p. wound-rotor motors and are used for moving cars, hoist- 
ing coal from the screenings pile into cars, and loading coal from 
the side of the main pile into the loading hopper. 

The box car loaders shown in Fig. 2 are equipped with 12-h.p. 
wound-rotor motors. These machines are used for moving cars 
and loading coal into box cars. Most of the cars loaded are of 
this type, the cars bringing wheat to Duluth and taking coal 
from Duluth. The loaders have an arm extending into the door 
of the car on the side opposite the receiving spout. The coal 
strikes the end of the arm and is thrown first to one end and then 
to the other by means of a reversible scoop operated from the 
cab of the loader by the operator. 

All the electrically operated docks use the same type of box 
car loader. 

The screening towers consist of hoppers into which the coal 
is dumped, and from which it falls into the car over screens. 
The screenings are emptied on to the screenings pile by means 
of moving buckets, operated by a 27-h.p. motor. 

With three bridges in operation this dock has unloaded boats 
containing 10,500 tons of coal in 18 hours, and with four bridges 
in operation has unloaded a similar quantity in 13 hours. 

No trouble of a serious nature has developed in three years’ 
operation and the manufacturers of this equipment and the 
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owners of the dock are satisfied with the results obtained. The 
dock was extended from 1200 to 2600 ft. (365 to 792 m.) in length 
this spring and some trouble was experienced due to excessive 
drop in voltage at the further end. This has been taken care 
of by moving one of the 500-kw. transformers to the lower end 
of the dock and running an underground 13,000-volt circuit to 
this point. 

Cable Car. This installation, shown in Figs. 3 and 3A, con- 
sists of an elevated railway on which are mounted the hoisting 
towers and tracks for cars. The following apparatus is on the 
dock proper: screening pockets, unloading pockets, traveling 
bridge, conveyer belts, car loaders, and box car loaders. 
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Fic. 3A—ARRANGEMENT OF DOCK FOR CABLE CAR EQUIPMENT. 


Energy is delivered to this dock at 13,000 volts, three-phase, 
25 cycles, and is reduced to 440 volts by means of three 500-kw., 
three-phase transformers. The energy is delivered to the hoist- 
ing towers and traveling bridge by means of trolley wires. 

The boats at these docks are moored at the end of the dock. 
As shown in Fig. 3, there are three hoisting towers with swinging 
booms. These booms are swung over the boat, and buckets take 
the coal from the boat and empty it into a hopper. From the 
hopper it is loaded automatically into cars and these cars, 
operated by cables, empty the coal into loading pockets; or if 
the coal is to be stored, the cars are shunted on the traveling 
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bridge and load directly onto the storage pile. In taking coal 
from the storage pile, shovel buckets are used and these empty 
the coal into the loading pockets. 

The hoisting towers are equipped with clam-shell buckets, 
each weighing 6800 Ib. (3084 kg.) and holding two tons of coal. 
There is a counterweight on these buckets weighing five tons. 
The motors are 200-h.p. wound-rotor, 440-volt, three-phase, 
25-cycle. The hoisting speed is 600 ft. (182 m.) per min. The 
control is pneumatic and small air compressors are mounted on 
each tower. The braking is by friction and asbestos shoes are 
used, the levers from the brakes being controlled directly by the 
operator. These buckets average 144 round trips per hour and 
three towers have unloaded an 11,246-ton boat in 18 hours. 
This type of tower has usually been installed with steam-operated 
hoists and the manufacturers have claimed that the steam hoists 
were quicker. There are two other docks at this port using steam 
hoists of this type, but neither of them has been able to do as 
rapid work as the electrically operated hoists. 

The cable cars are 11 ft. (3.3 m.) long, 5 ft. (1.5 m.) wide and 
6 ft. (1.8 m.) high, and each holds four tons of coal. These cars 
pass under each hoisting tower and touch a lever which releases 
enough coal to fill the car one-third full. One 75-h.p. motor is 
used for operating the cables. 

The screening and loading pockets are along the railroad 
tracks at one side of the dock and directly under the elevated cars. 
The loading pockets load directly into the cars by gravity. The 
screening pockets empty the coal into the cars after it has passed 
over the screens. The screenings fall on conveyer belts and are 
carried to the upper end of the dock and there emptied on to the 
screenings pile. One end of the moving bridge is connected to 
the elevated structure and the other rests on long legs, running 
on a track at the other side of the dock. The bridge is equipped 
with a loop track and in storing coal these tracks are connected 
to the elevated structure by switches and the bridge is moved 
along the dock as soon as one section is full. In loading coal 
from the dock two shovel buckets are used. These buckets hold 
two tons and empty the coal directly into the screening and load- 
ing pockets or into the cars, which in turn empty into the pockets. 
Wound-rotor motors of 150 h.p. capacity are used to operate 
these buckets. 

The conveyer belts for the screenings are 24 in. (61 cm.) wide 
and are operated by 25-h.p. motors. They operate at 450 ft. 
(137 m.) per minute and carry 100 tons of coal per hour, 
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For setting cars a cable is run along the railroad tracks, and 
is operated by a 32-h.p. motor. The box-car loaders are similar 
to the ones described under ‘‘ Bridge Tramway.” 

This type of equipment has been very satisfactory and the 
only trouble experienced has been with the air control freezing 
in winter, due to moisture collecting in the pipes, and some 
trouble with the motors on the hoisting towers. 

The vibration on the towers is so great that it is hard to brace 
the end connections of the stator windings so that they do not 
rub against each other and wear the insulation. It has been 
necessary to rewind the motors twice, but it is thought that these 
are now braced securely enough to give no further trouble. 

Man Trolley. The two types of equipment described above 
are adaptations of steam-operated rigs to the use of electricity. 
The man trolley equipment is an effort to devise something 
particularly fitted to the use of electric motors. It is, in its 
simplest form, a traveling crane on legs but using a bucket 
instead of a hook. 

There are in use here at the present time two types. One uses 
a hoisting speed of 300 ft. (91 m.) per minute and a trolleying or 
racking speed of 1000 ft. (305 m.) per minute; the other uses a 
hoisting speed of 250 ft. (76 m.) per minute and a racking speed 
of 1200 ft. (865 m.) per minute. Fig. 4 shows the first type of 
dock. 

The equipment consists of traveling bridges, screening hoppers, 
car pullers, and box-car loaders. 

The energy is delivered at 13,000 volts, three-phase, 25 cycles, 
to the junction house, shown in Fig. 4, which contains oil 
switches, meters and lightning arresters. From this junction 
house the current is carried to 13,000-volt, three-phase catenary 
trolleys running the whole length of the dock. The transformers 
for reducing the pressure to 440 volts are located in the cabin 
at the top of each bridge. The 440-volt trolley for the box car 
loaders receives its energy from the transformers on the bridges. 
The machine shop and car pullers receive their 440-volt energy 
from a transformer located in the junction house. The boats are 
moored at the unloading side of the dock. The buckets empty 
the coal from the boat into the front hoppers if the coal is to go 
out unscreened and into the rear hoppers if it is to be screened. 
In case the coal is to be stored the buckets empty directly on the 
storage pile. ; 

The buckets are of the clam-shell type, weighing eight tons 
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Fic. 8—CABLE CAR [RYERSON AND CRANE] 
Showing hoisting towers and elevated railway 


Fic. 4—Man TROLLEY [RYERSON AND CRANE] 
Showing junction house, screening hopper, 13,000-volt catenaty and_ 
440-volt trolley 
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Fic. 7—Man TROLLEY [RYERSON AND CRANE] 
Showing transformer house and method of distributing 440 volts to bridge 
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and carrying five tons of coal; the moving equipment, hoist, 
cab, air compressor, etc., weigh approximately fifty tons. Each 
hoist is equipped with two 150-h.p., three-phase, 440-volt, 25- 
cycle wound-rotor motors. Both motors are geared together and 
used for opening and closing bucket and for hoisting. For 
raising and lowering the boom one 30-h.p. motor is used. For 
moving the bridge along the dock, one 75-h.p. motor in front, and 
two 40-h.p. motors in back, are placed at the bottom of each leg. 
These bridges are guaranteed to make 50 round trips per hour 
from the hold of the boat to the storage pile. When ‘“ breaking 
down ”’ a boat one of these bridges has made eighty trips and 
unloaded 400 tons of coal in one hour. 

The control system is direct-current magnetic, actuated by air. 
The direct current is furnished by small motor-generator sets, 
and the air by small air compressors in each cab. 

Both pneumatic and dynamic braking are used. In dynamic 
braking, direct current from the motor-generator sets is connected 
to the armatures of the hoist motors, with the secondaries short- 
circuited through resistance. This type of braking is satisfactory 
but requires the use ofa considerable amount of additionalenergy. 

The screening hoppers at the rear of the dock, shown in Fig. 4, 
empty the screenings on to the rear end of the storage pile, which 
is inconvenient, and some other method will probably be devised 
for disposing of the screenings. 

The car pullers and box car loaders have been described before. 

The second type of man trolley equipment is shown in Fig. 5. 
This type is equipped with clam-shell buckets weighing 7} tons, 
while the total weight of moving equipment is 40 tons. 

The energy is delivered to the transformer house, shown in 
Fig. 7, at 13,000 volts, three-phase, and is reduced to 440 volts 
by three 500-kw., single-phase transformers. The current is 
distributed to the bridges, as shown in Fig. 7, by three conductors 
running on the rear elevated stationary leg. Each hoist is 
equipped with one 225-h.p., three-phase, 25-cycle wound-rotor 
motor for closing and hoisting the bucket, and two 112-h.p. 
motors for racking. 

The control is alternating-current magnetic, and has thus far 
operated with no trouble at all. The braking is friction, operated 
by foot levers. 

The first type of man trolley equipment has been in use about 
two years,and while considerable trouble was experienced at 
first, the difficulties are being overcome and satisfactory results 
are now assured. 
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The second type of man trolley 
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The load factor varies on the different types, partly on account 
of the different equipment and partly due to the methods of 
handling coal on the different docks. 

The 440-volt distribution is the most satisfactory from an 
operating standpoint for both the coal dock and central station. 

The copper for distribution is a little more expensive in the 
440-volt distribution. The 13,000-volt distribution, while 
cheaper in first cost, has given trouble due to coal dust and smoke 
and steam from the locomotives collecting on insulators and in 
wet weather causing flash-overs. a 

The above figures are for handling bituminous coal. An- 
thracite coal is hoisted from boats by the same equipment and is 
carried into sheds by means of conveyer belts, etc., and so does 
not represent a radical departure from the usual conveyer 
systems. 
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The curves in Figs. 8, 9, 10, 11 and 12 were taken with a 
curve-drawing wattmeter speeded up to give two inches per 
minute. The highest point on these curves is liable to an error 
of from four to six per cent, due to overshooting on the part of 
the pen, but they are sufficiently accurate to give comparative 
cycles of operation for the different types of equipment. 

In Figs. 8 and 12, the first type of cable-operated equipment 
and second type of man trolley equipment, the highest peak 
occurs while racking, while in the other types, as shown in Figs. 
9, 10 and 11, the highest peak occurs while hoisting. The load 
factor is so low on the coal dock load that it is important to 
consider the peak, either when buying power or when generating 
it with the company’s own plants. The most advantageous 
design from an economical and operating standpoint would be to 
have the hoisting and racking peaks the same. 

In the above curves it will be noted that the extreme peaks are 
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due to the acceleration of the motors and equipment, and that 
the actual peak, once the machinery is in motion, is 50 to 60 per 
cent of the above figures. 

The curves in Figs. 18, 14, 15 and 16 show the daily operation 
of the different types of equipment, with whole docks in opera- 
tion, and these are the curves on which the monthly bills are 


based. 
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Motors for use on the above work should therefore be designed 
for a low accelerating current and high starting torque and be 
especially well braced, as the excessive vibration on these towers 
is very severe on all the machinery. 

It would be possible to design a dock with lower hoisting 
speeds, racking speeds, etc., which would handle the same 
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amount of coal in a year and use current more economically, but 
it is necessary to unload large amounts of coal on short notice, 
as certain kinds of coal have a very limited movement to the 
lake ports, and at other times, due to congestion on account of 
storms, etc., a large number of boats are at this port awaiting 
dispatch. 
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During the winter months, when coal is shipped out only, the 
loading facilities are able to take care of from two to four times 
the number of cars the railroads can supply, and with smaller 
equipment for loading, such as is provided at the dock using 
cable-operated equipment, the kilowatt-hour consumption per 
ton of coal, and also the peak, is materially reduced. 
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One of the local coal companies operates two docks, one 
equipped with direct-current motors driven from its own plant, 
the other operated by alternating-current motors and purchased 
energy. The company expresses itself as seeing no difference in 
operating between the two methods. 
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In connection with its own direct-current plant it has a storage 
battery installed for taking care of the peaks. This year it 
became necessary to increase its power facilities and the following 
conditions were considered: 

Synchronous converter using purchased energy. 

Induction motor-generator set using purchased energy. 
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Additional steam-driven units. 

Low-pressure turbines using exhaust steam from present 
engines. 

Additional storage batteries. 

The requirements were that the additional units must operate 
in parallel with the present steam-driven units. 

The synchronous converter using purchased energy was 
finally decided upon, principally on account of its low first cost 
and the guarantee by the manufacturer of satisfactory operation. 
This machine was installed last summer and has worked satis- 
factorily and is taking care of the peaks and relieving the engines 
and storage batteries from the resultant shocks, so that a decrease 
in maintenance cost has already been noticed. The synchronous 
converter is compound-wound without commutating poles and is 
run with full series field. It is placed about 150 ft. (45 m.) from 
the main switchboard and each side is connected to the main bus 
by two 1,000,000-cir. mil cables. By using one or both cables 
it is possible to have the converter take a smaller or larger amount 
of the total load. 

RATES 


The rates charged for coal dock service are as follows: $1.00 
per month for each kilowatt of the minimum rating of the load, 
or ‘‘ reservation charge.” 

$.011 per kilowatt-hour for all power used up to 70 kw-hr. 
for each kilowatt of rating of the load for the month for which 
charge is made. 

$.005 for all additional power used, or “‘ consumption charges.” 

The minimum rating of the load is the maximum rate at which 
power is used, as determined by curve-drawing meters, on the 
basis of the highest amount obtained from any of the following 
measurements: 

The maximum instantaneous peak less 60 per cent discount. 

The maximum one-minute peak less 50 per cent discount. 

The maximum three-minute peak less 334 per cent discount. 

The maximum five-minute peak less no discount. 

The minimum rating thus obtained is used until succeeded by 
a greater peak, and such increased minimum rating holds until 
a still greater peak is obtained, and so on during the life of the 
contract. 

A curve-drawing wattmeter is installed at each dock for ob- 
taining the peak and a watt-hour meter for obtaining the kilowatt- 
hour consumption. 
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In coal dock service, the highest peak obtained is the maximum 
instantaneous peak, less 60 per cent discount, and this peak is 
used in determining the ‘‘ reservation charge ’’ for this class of 
service. 

This method of charging gives a net kilowatt-hour rate vary- 
ing according to the load factor, as shown in Fig. 17. 

It would naturally be assumed that with a peak method of 
charge some form of flywheel equalizer would be installed at 
some of the docks. Owing to the sixty per cent discount from the 
maximum peak the installation of a flywheel does not offer 
sufficient.saving to warrant the expenditure of a large sum of 
money for this purpose. 
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OPERATION FROM CENTRAL STATION 

The power station is equipped with 7500-kw. generators 
driven by 13,000-h.p. turbines under a head of 375 ft. (114 m.). 
The turbines are fed by 7-ft. (2.1 m.) pipes, approximately 5000 
ft. (1524 m.) long, and a standpipe is located at the lower end 
of the pipe line to each pipe. Oil pressure governors and mechan- 
ically operated relief valves are installed. 

With all the coal docks in operation together with the other 
miscellaneous load, instantaneous load changes of 5000 kw. 
have been noted at the power station. With two units in opera- 
tion no trouble is experienced with speed regulation, but with 
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one unit only, the peaks cause hunting of the governor, anda 
resultant variation of frequency of 4 per cent either side of normal 
has been noted. 

The coal docks using the 13,000-volt catenary trolley have 
occasioned some trouble to the underground cable system and 
substation oil switches, due to short circuits. The resultant 
surge affects the entire distributing system owing to the slug- 
gishness of the dock switch. 

For this reason all the coal docks with this type of distribution 
have been placed on the same feeder and it is expected that the 
installation of a different type of oil switch with either a time 
limit relay or reactance in the trolley connections at each dock 
will entirely do away with this trouble. 

After three years of operation the use of alternating current 
for this class of service has proved commercially successful and 
it is safe to say that the majority of new installations at this 
point will be of this character. 


LOU2 2 DISCUSSION AT PITTSBURGH 723 


Discussion on ‘‘ Notes on tHE UsE oF ALTERNATING CurR- 
RENT IN UNLOADING CoaL”’? (RYERSON AND CRANE), 
PittsBuRGH, Pa., Aprit 27, 1912. 


Wilfred Sykes: Having been more or less responsible for the 
first of the man trolley equipments installed at Duluth using 
“alternating current, I would like to draw attention to a few points 
inthe paper. The maximum rate of operation of the man trolley 
bridge has been given as 500 tons of coal per hour. I have some 
tests showing that in the case of one test, extending over a period 
of five hours, in which twelve minutes’ delay was incurred, due to 
waiting for the boat, leaving a net period of 4 hr. 48 min., the 
‘bridge made 389 trips; about 40 per cent of these trips were to 
the first hopper for loading direct into the cars, and about sixty 
per cent of the trips went back 150 feet on the pile. That gave 
an average rate of operation of 74 trips per hour. The capacity 
of the bucket averaged a little more than five tons, so that the 
total amount of the coal handled was about 2050 tons. The 
maximum rate of operation over one hour was found to be 83 
trips; the number was about evenly divided between trips to the 
hopper and trips to the pile. 

In the paper it is stated that the dynamic braking of the 
alternating-current motors has proved satisfactory but is ex-_ 
pensive. I would like to question that point. The use of 
dynamic braking was not contemplated at the start, was not 
really figured on, but the builders of the present bridge got into 


* trouble through mechanical brakes and had to find some way 


of operating the equipment, the present equipment, which was 
finally arranged to be with alternating-current; but they did not 
know what they would run into, and they started in to put in a 
small motor-generator set for supplying direct-current to the 
hoist and the brake motors. 

As a matter of observation I might say that the power con- 
sumption is very small, and you can easily see that, because the 
current through the stator, when braking, is about one and one- 
half the full-load alternating current of the motor. The voltage 
required is very low, because you only have to overcome the 
ohmic resistance of the stator windings. The motor-generator 
set for one of these bridges has a capacity of 140 amperes, direct 
current, at 40 volts, so you see it is quite a small affair, and the 
power consumption is somewhere in the neighborhood of thirty 
to forty watt-hr. in ten hours. As the current costs somewhat 
less on an average than one cent per kw-hr. the power cost is 
probably about fifty cents a day, twenty hours’ operation. On 
similar bridges, in which they have mechanical brakes, using 
band brakes, originally starting off with wooden plugs, but 
since that was unsatisfactory, afterwards using asbestos lining, 
the cost varies from about $4 a day, in the worst case, which is a 
pretty bad case, down to $2aday. It is hard to obtain reliable 
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figures on the cost of maintenance of brakes of this kind, but 
those are the figures I have been given by the operators. 

I want to draw attention to one feature of the man trolley 
bridge in the coal handling plant or ore handling plant, which 
should receive the closest attention of the designers, and that is 
that you must make the movements which the operator has to 
perform as few as possible, and the operator should be required 
to make only a very small expenditure of energy, because when 
a man is on a bridge for ten hours and is operating at high speed, 
he cannot put much energy into each operation, otherwise he is 
worn out and the quality of the attention which he can give his 
work is impaired. That was one of the reasons that led to the 
adoption of dynamic braking, because when a man is lowering a 
bucket and exercising the greatest care, where they have dynamic 
braking, he starts the bucket going down before the control is 
stopped, throws on one controller notch and lets the bucket go 
down 200 feet and about that time the bucket has passed through 
the hatch, and he cuts the controller off and puts the brake on. 
The introduction of the dynamic brake has facilitated operation 
and increased the capacity very materially. 

Where you have a mechanical brake it is necessary for the 
operator to give more or less attention to that, whereas with the 
dynamic brake he does not think about the thing at all, but is 
chiefly concerned with centering the trolley over the hatchway. 
That is one of the points that makes a bridge with dynamic 
braking much easier to handle than a bridge with mechanical. 
brakes. 

On this first installation, and indeed on quite a number of in- 
stallations, seven or eight of them, the controllers are operated 
by compressed air. It is necessary on these bridges to have com- 
pressed air for the clutches, anyhow; I think some have tried to 
use the electric clutches, but I do not believe they achieved any 
great success. The company which has built most of the bridges 
is very strongly of the opinion that it is necessary to have com- 
pressed air in order to obtain anything like reliable and quick 
operation, and the control as originally laid out in the majority 
of cases is with air operation. One of the reasons for using air 
operation is that this type of switch has been tried out in railway 
work, in which they are able to obtain great pressures at the 
point of contact; and any one who knows anything about brake 
control, knows that if you have given a pressure on the contact 
and a large force for opening the switch, you have increased the 
reliability very greatly, and that is one of the reasons that led to 
the use of air switches. Then, again, although alternating-current 
switches have been developed since that time, I believe it is a 
matter of opinion among operators which is the more reliable, and 
a great many operators prefer air-operated switches because of the 
fact that you have in the switch 200-lb. pressure on the contact 
and a force of about 150 lb. to open the switch, so you are sure of 
very reliable operation. In one of these plants there was some 
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little trouble due to the moisture in the air freezing and blocking 
up the pipe, but with a proper arrangement of the air pipe so as 
to drain the moisture out of the system, I do not think there 
is any trouble now encountered in even the worst weather. 

The paper has mentioned also the method of distribution, in 
one case using 13,000 volts, collecting the current at 13,000 volts, 
having a transformer on the bridge, and in another case having 
440-volt distribution with stationary transformer. I think thatisa 
good deal a matter of opinion. There is no question that with the 
13,000 volts you can obtain a good deal better voltage regulation 
at the motors, and my experience has been that for work of this 
kind you want to get all the voltage you can at the motors, so that 
you can get as much torque as possible in the motors during 
acceleration, because if you do not do that the operators will 
complain. ‘ 

There has been a little trouble due to the accumulation of soot 
on some of the insulators. I do not believe that amounts to 
much now, because in the first installations they put in too small 
insulators and did not appreciate the fact that locomotives 
would run beneath the line. 

With the low-tension distribution, unless you use a great deal 
of copper and subdivide the lines, the voltage regulation is very 
poor when the bridge is working at points furthest away from 
the transformers. 

As to the most desirable arrangement of these bridges, I believe 
one point has been overlooked. It is stated that the most desir- 
able arrangement of the man trolley bridge would be to have the 
peaks during the racking and hoisting the same. That would 
be all right, if the peaks did not occur simultaneously, but, the 
way the bridges are operated, the hoist is stopped, sometimes 
it is slowed down going through the hatch, and accelerated again, 
but as soon as the control motion is thrown off the contacts 
overlap, and that is the worst test for the man trolley bridge—so 
I do not think that statement would stand. The most that could 
be said, I think, would be that that would be the most desirable 
arrangement when the contacts did not overlap. If that ar- 
rangement had been used on the existing bridges, the contacts 
would be very much higher than they are now. 

In connection with the question of charging, I think I will 
enlighten Mr. Crane a little as to a conspiracy that was hatched 
up at one time, a method of beating the power company. If 
you put in a flywheel set and use the motor-generator set with a 
flywheel, and have an arrangement to introduce neutral resist- 
ance in the rotor of the motor for a brief interval, so that it will 
drop the load for two or three seconds; causing the graphic watt- 
meter to go back to zero, then you can all be charged on the one- 
minute peak. It is, however, possible that your input to the set 
will be practically the average load and, therefore, you can cut 
down your charge for reservation, and consequently your kw-hr. 
rate 
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There is one difficulty, it seems to me, which is a pretty seri- 
ous difficulty, and that is, having as the basis of charge in such a 
system the necessity of depending upon some form of graphic 
recording wattmeters. We all know that alternating-current 
meters having very rapid fluctuations of load are likely either to 
lag too much or overshoot, and it is possible to have a good deal 
of trouble in that way, and to have an endless argument with the 
customer, especially if he finds out that the meter is overshooting. 
If he does not find out, it is all right. That is a point which has 
arisen and causes a great deal of bad feeling. In this particular 
case, where you are dealing with large operators, they can generally 
understand the justice of the system of charging, with a differ- 
ent basis of charge for different conditions. Generally,where 
you have small consumers who do not study these questions, you 
have a good deal of difficulty in explaining to them just why you 
should have different bases of charging. 

The question as to whether the bridges shall be equipped 
only with alternating current or only with direct current, is one 
of importance where you are handling man trolley bridges. 
That is the bridge which I believe is the coming bridge, and one 
which will be used more and more every year. It is compara- 
tively new, but the breakage of coal is a good deal less with that 
arrangement; and you can get very large capacity, and with the 
conditions in Superior, or in the Northwest, the breakage of coal 
is a very important item, especially when the dock may handle 
over a million tons a year. <A very small reduction in the value 
of the fuel shows up as quite a large item at the end of the year. 

In one of the installations most recently contracted for—not 
yet in operation—the man who is building the dock contracted 
for direct current, and that makes it necessary to have syn- 
chronous converters; in addition he has also planned for a fly- 
wheel equalizer, so as to have a direct-current motor on the 
bridge, the idea being that the direct-current motor is more re- 
liable than the alternating-current motor and more accessible 
for repairs, and does not have to be repaired so often. That isa 
pretty serious matter. I do not believe that in the present state 
of alternating-current motor design these criticisms are justified, 
but the fact remains that such a dock is being installed and is to 
be put into operation this season, and if there are any present 
connected with the operating company I would like to hear their 
views on that question, because it is a matter of unusual import- 
ance and has been exploited a good deal by some of the power 
manufacturing people. 

On the question of using equalizing machines, I quite agree 
with Mr. Crane. I do not believe it can be justified, on the rate of 
charging. If we take, for instance, the minute indicated peak 
loads, then we have a different condition, but I do not believe 
that with the present system of charging the use of the equalizing 
machine is justified. 

C. T. Henderson: I would like to add a word or so to the 
remarks made by Mr. Sykes regarding the direct-current instal- 
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lation that is being made at the present time. It is a very 
pertinent fact that this direct-current installation is being put 
in for a company which now has a dock equipped with alternating- 
current motors. This would make it appear, at first glance, at least, 
that the dock people are not altogether satisfied with the alter- 
nating-current dock, and are looking for something better, either 
in the way of reduced cost of operation or convenience of opera- 
tion, or perhaps both. 

On the general subject of alternating current versus direct 
current for dock operation, it would appear tome that Mr. Sykes 
has not dwelt with sufficient emphasis on the fact that to get 
satisfactory operation out of alternating-current motors the 
voltage must be strictly maintained, because with alternating- 
current motors the torque that is available is in proportion to the 
square of voltage, and it does not take much drop of voltage 
to slow down the machine very appreciably, or, perhaps, on 
account of lack of starting torque, put it out of operation entirely. 
With the direct-current machines, reduced voltage does not cause 
any material reduction in torque, but simply a reduction in 
maximum speed of operation; that is, ultimate speed of move- 
ment attained. 

On the question of dynamic braking, it does not appear to me 
that the people in the Northwest,. or in fact the coal handling 
people in general, have been fully alive to the advantages of 
dynamic braking. There was atime when dynamic brake con- 
trol was absolutely unknown; there was a time when no one 
ever thought of retarding the descending bucket in coal or ore 
handling machinery in any manner except by means of a mechan- 
ical lowering brake. Dynamic brake control was first installed, I - 
believe, in connection with ore handling machinery, and it solved 
the problem of proper retardation so beautifully that I do not 
believe today that any ore handling machinery is being sold 
that is equipped with mechanical lowering brakes. 

In comparing direct-current dynamic brake control with alter- 
nating-current dynamic brake control, it should be borne in mind 
that while, in the present state of the art, it is possible to get a 
certain amount of dynamic braking action with the alternating- 
current motors, they cannot entirely duplicate the performance of 
direct-current machines. For example, on the Duluth and 
Superior installations the alternating-current motors have their 
stators excited with direct current and are used to retard the 
descending load, but no attempt is being made to have the alter- 
nating-current motor slow the load down to practically a stand- 
still before the holding brake is applied, whereas on the direct- 
current machines—the ore handling machines particularly— 
such procedure is almost the invariable practise. Asa result, I 
can say that in one installation, which I have followed very 
closely for the last four or five years, the hoist brakes have so very 
little to do that the brake bands have not been renewed, and 
this, I believe, is a considerably better performance than has 
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ever been obtained on alternating-current bridges, even with the 
dynamic braking. 

On the question of overlapping peaks, it has been pointed out 
that with the man trolley rigs the highest peak is obtained at 
the moment when the operator starts the trolley, while he is 
still hoisting. On the direct-current machines which are being 
installed in the Duluth-Superior region this spring, I believe 
that series parallel control is being used on the trolleys, and pro- 
vision is being made for preventing the operator from throwing 
his motors into parallel until the hoist operation has been com- 
pleted—this with the idea of reducing the maximum demand 
that can be made by the bridge, and at the same time permitting 
the operator to get his trolley under way before the hoisting 
operation has been completed. 

Returning to the question of alternating current versus 
direct current, and particularly to the last paragraph of the 
paper presented by Messrs. Ryerson and Crane, it might be 
interesting to a great many here to know that in addition to this 
one company that is putting in a direct-current dock at the present 
time, and which has an alternating-current dock that has been in 
operation, I believe, for more than two years past, there are two 
other installations being made in that same district and both 
are direct-current installations. All of this, I believe, goes to 
emphasize the fact that the coal people in that territory are 
just beginning to realize the advantages of dynamic braking as 
obtained on direct-current machines, just beginning to realize 
the advantages accruing from the use of series-wound motors for 
bridge service, and just beginning to fall more in line with ore- 
handling machinery practise. 

Just one other point, in regard to current consumption. I 
was very much surprised to note in the comparative table of 
different types, given in the paper, that a minimum of 1.09 kw-hr. 
per ton and maximum of 1.76 kw-hr. per ton are indicated as 
being required for the handling of the coal in that territory. I 
had on several occasions been given figures that were consider- 
ably lower than those, but I cannot, of course, vouch for the 
accuracy of them. In Milwaukee, however, I have made a 
number of tests on coal docks, and in one installation, for ex- 
ample, that of the Milwaukee Coke and Gas Company, the aver- 
age power required over a period of one month was 0.47 kw-hr. per 
ton, which figure includes the power required for the operation of 
the man trolley as well as the power required for the moving of 
the bridge. 

It should be remembered in this connection that this par- 
ticular bridge is of the type having a center pivot, and therefore 
does not require as much power to move it as the type of 
bridge which moves straight down the dock. 

There is another installation in Milwaukee on which I made 
a series of tests, and in one case a cargo of coal—6000 tons— 
was unloaded with an average consumption of 0.25 kw-hr. 
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per ton. This figure does not include any energy for moving 
the bridges up and down the dock, because they were only 
moved a few feet at a time, only far enough to move them from 
one hatch in the boat to another. The largest handlers of coal 
in Milwaukee have given me a figure of 0.58 kw-hr. per ton as 
an average for their entire installation, which comprises some 
five or six docks, and in view of the figures I have submitted here 
it appears almost inconceivable that as much as 1.76 kw-hr. 
per ton should be required by the man trolley, type No. 1, as 
discussed in this paper. 

E. Friedlaender: I would like to know if any fatal or minor 
accidents have occurred at these plants on account of using high- 
tension lines. 

I would also like to ask how much of the load is actually low- 
ered and if the empty bucket is heavy enough to overhaul hoisting 
machinery from a standstill and go down by its own weight. 
I understand coal handling docks are similar to ore docks, where 
the load is dropped by opening the bucket in its highest position. 
If this is the case, very little dynamic braking would be required, 
especially if the bucket is not too heavy. 

Wilfred Sykes: There are one or two points raised by Mr. 
Henderson I would like to answer. In connection with dynamic 
braking on the alternating-current motor, the bucket is not 
stopped—tthe operators do not attempt to stop the bucket with 
the dynamic brake. They are very well satisfied if they can set 
the buckets running down, and forget them until they have gone 
to the hatch. The wear on the mechanical brakes when you do 
this is very small, and a set of linings will last several months 
with proper handling. You cannot get quite as good a record 
with this form of operation as you can with the direct-current 
operation, as mentioned by Mr. Henderson. 

I did not mention that the brake is also used for the stopping 
of the trolley. The dynamic brake is not depended on entirely. 
As a matter of fact the brake is thrown on and the final stop- 
ping done with the mechanical braking, but the reduction of the 
wear on mechanical brakes by using direct-current on the stators 
is very great, and the life of the brake shoes has been increased 
ten times over what it was originally. We have also avoided a 
great many difficulties due to the iron dust, etc., getting into the 
windings. i 4 

Regarding the man trolley bridges I also notice the point 
raised by Mr. Henderson, as to the amount of kw-hr. required 
per ton—I do not believe that figure is intended to represent the 
power actually taken by the bridge. From the figures given, I 
think that must also include the power consumed by all the other 
motors required around such a coal dock. I have personally 
made many tests up there, and find, depending on what part 
of the dock you are delivering the coal, that the power required 
varies from about 0.4 to 0.6 kw-hr. per ton. That would show, 
however, a kw-hr. per ton for the actual input of the bridge. I 
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believe this figure is borne out by the records kept over a con- 
siderable period by the operators. 

The power required in the moving of the bridge, referred to by 
Mr. Henderson, is not very great anyhow—it is a very small per- 
centage of the total power required for the operation of the equip- 
ment. 

The point raised by Mr. Friedlaender about how much of the 
load is lowered is one which I thought would be clear, and would 
show why the dynamic brake is used. These buckets weigh 
anywhere from 15,000 to 18,0001b., and with this man trolley, type 
No. 1, you cannot very well arrange for a counterweight. The 
loaded bucket weighs from about 27,000 to 37,000 lb., so that 
approximately 60 per cent of the total load lifted consists of 
empty buckets which have to be lowered every trip. 

As far as accidents due to shock are concerned, I do not 
believe there are any. The only accidents I know of up there are 
due to men being caught between the trolley and some portion of 
the structure, or to the wrecking of the plant when one of the 
trolleys fell off the bridge altogether, but there was nobody 
killed. 

R. R. Selleck: I was connected with the company that put 
in the docks shown in Figs. 5, 6 and 7, and was located at Duluth 
for about four months in that connection, and I became quite 
familiar with the handling of coal on these docks. 

Now, there is one thing I would like to say at the outset, and 
that is that it is my belief that the alternating current is just a 
makeshift when it comes to handling coal or ore. It does not 
lend itself very rapidly to dynamic braking, and, as has been dis- 
cussed here at some length, dynamic braking is absolutely 
necessary for quick operation; speed is what the men are after 
who own these docks. That is the first consideration. You will 
note by referring to the paper presented by Messrs. Ryerson and 
Crane that they give the weight of the trolley in one case as 50 
tons and the weight of the trolley in another case as 40 tons. The 
50-ton trolley is the one which had the dynamic brake. As a 
matter of fact, it came nearer being 60 tons, because I know the 
other one weighed 52 tons, and you will notice the appearance of 
the trolleys—there is certainly a difference of 10 tons in the 
weight of the two trolleys. That is of importance when it comes 
to the designing of a bridge structure, so that if you can reduce the 
moving load 10 tons, you will materially reduce the material in 
the bridge structure, and that is the first consideration, of more 
importance than the question of who is going to build the bridge. 

It does not seem to be an economical plan to put on a trolley 
any more material than is necessary. By using dynamic brak- 
ing, which requires a small motor-generator set, and in addition, 
an air compressor set, considerable weight is added. A man 
trolley does not have much spare room, either in the cab or on the 
superstructure. At best it is not a very commodious place, and 
anything that tends to cut down the amount of apparatus re- 
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quired on the trolley is of considerable importance, especially to 
the man who is to build it. So I do not think that alternating 
current is going to prove the big success in the handling of coal 
that was at first predicted. As a matter of fact, as has been 
already stated, several firms up there are going to direct-current. 

A few words in regard to distribution. It has been stated that 
one of the docks takes energy at 13,000 volts, and puts it at that 
pressure directly on the bridge. The energy is taken off the 
catenary trolley system, transmitted across the bridge to the 
transformers, where it is stepped down to the voltage required on 
the motors. 

Some emphasis has been laid on the relative cost of these two 
systems, 1.e. 13,000 volts vs. 440 volts. As a matter of fact, I 
was connected with the making up of an estimate for the equip- 
ment that was to go in one of the docks at Duluth. This job 
was figured for 220 and 550 volts direct-current, also for 440 and 
13,200 volts alternating-current, the idea being to arrive at these 
costs very carefully, and we found that 550-volt direct-current 
transmission was the cheapest. Then we got to 220 volts direct- 
current, then 440 volts alternating-current, and lastly 13,200 
volts alternating-current, which is considerably higher than any 
of the others. That is due to the fact that you must put up a 
special trolley construction. That installation in this case was 
in the form of a catenary, and you must use quite an expensive 
insulation system, and in carrying the line across the bridge con- 
siderable care must be exercised to avoid grounds, so it figures 
out at the highest price of all, while your copper, in the case of the 
440-volt system, where there were two parallel lines of 750,000- 
cir. mil cable, six of them, each running 1200 feet, runs into 
money. Notwithstanding that, we figured it was a cheaper 
installation than the 13,200 volts. 

Mr. Sykes made mention of the fact that it was necessary to 
have air on one of these bridges to operate the clutch. He said 
that electrically operated clutches had been used, but did not 
give very good satisfaction. On this 440-volt bridge the clutches 
are operated by electricity, 48-in. clutches electrically operated, 
and to my knowledge the clutch has not given any trouble. It 
is working very satisfactorily; but, of course, you cannot throw a 
clutch in like one that is manually operated; you must have some 
auxiliary system to throw the clutch in—but as far as the opera- 
ting of the clutch by air is concerned, it is not necessary to have 
that. It is not necessary to have an air equipment on the alter- 
nating-current bridge, that is the point; because it seems to me 
to be foolish to load up a man trolley with a whole power plant. 

Now, one word in regard to regulation. It has been pointed 
out that the regulation on the 13,200-volt system was better than 
on the 440-volt system. I beg to differ on this point. We had 
three bridges on this one dock in operation at one time, and we had 
them at that time as far as we could get them away from the 
transformer house, about 1000 feet, and we were trying the regu- 
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lation—that is what we did it for. We could not get any very 
satisfactory voltage readings, due to the “kick ”’ of the volt- . 
meter, and, of course, to the fluctuations that are instantaneous, 
but about the best we could do was to calculate that we got a 
drop of-about 10 volts. If with three bridges in operation we got 
a drop of 10 volts, you would not notice any fluctuation in the 
pilot lamps on the trolley, so our voltage regulation was very 
good, and we did not have any trouble at all. 

That answers the question raised in regard to the torque of 
alternating-current motors on a coal or ore bridge. If your dis- 
tributing system is properly designed you will not get into any 
trouble with the torque falling off. We do know that it falls off 
as the square of the voltage, but if the distributing system is 
properly designed and sufficient cross-section of copper put in to 
take care of it, you will not get any appreciable drop of voltage 
and so there will be no difficulty there. 

There was another question in regard to the lowering of 
the load. Of course, the breaking of the coal is an import- 
ant item to the owner of the dock. When we first started to 
put coal on the dock they insisted on our lowering every load— 
that was when we were dropping about 30 feet from the bucket 
to the ground—but after we had a thin layer of coal on the 
dock they did not insist on our lowering the bucket, and after 
that the operator would run out the bucket and allow the coal to 
fall down. While some breakage might result, it was not con- 
sidered serious. My experience has been that only the lowering 
of the bucket over the first layer is required, probably the first 
ten feet of coal on the dock. 

Regarding the operation of these machines and the dynamic 
braking, as has been said, complications follow when you put 
dynamic braking on an alternating-current system; and any- 
thing that makes more complications necessarily decreases 
reliability. The intelligence of the men who are on these bridges 
is not of a very high order, and what the operators want, what 
the owners of the dock want, is speed—they want to get the 
boats dispatched as quickly as possible, and the men that are in 
them are a rough and ready sort of fellows (they do not seem to 
care whether they are killed or not) and their first and only 
thought is to rush the unloading of the cargo. All they are 
thinking of is to get the coal out of the boat, and they want some- 
thing that is going to help them do this quickly; and for that 
reason I think that the dynamic brake, because it increases 
complications and decreases reliability, is something that is not 
very desirable for that class of work. 

One speaker raised the question of safety appliances in these 
machines. We do not have very many safety appliances of any 
kind. As a matter of fact, I was in a trolley when it went off 
one of these bridges, and went down 65 feet. No serious harm 
was done. 

R. E. Hellmund: One of the speakers said that it was not 
possible to reduce the speed to zero by dynamic braking. That 
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statement is not correct. You can go down to three per cent of 
the speed any time if the requirements are such that you want to 
doit. The lowest speed you get is the slip of the motor at full 
load, which is usually about two to four per cent, and with such 
speed or any higher speed you can get all the torque you want. 

Mr. Selleck seems to be rather opposed to alternating-current 
motors, especially on the ground that the equipment becomes 
rather heavy. He mentioned himself that a part of the weight 
was due to the compressed air outfit. That, of course, is not 
caused by alternating current—it might be used in one case or 
the other, either alternating current or direct current. I believe 
that the motor-generator set eventually can be reduced in size. 
Of course, as in anything else, a thing that you work out for the 
first time you work to safer limits, you allow a greater margin of 
safety, than you do after you have gained greater experience. I 
believe eventually the difference between the alternating-current 
and direct-current weight will be very small. 

Wilfred Sykes: I will question one point raised by Mr. Selleck, 
and that is the regulation of the low-voltage distribution. He 
gave 10 volts. That corresponds to about 2.5 percent. Ihave 
generally found that there is that drop in the transformer alone, 
without taking into consideration the lines. 

Albert Kingsbury: It was my fortune, some nine or ten years 
ago, to have to make a report on the feasibility of using alterna- 
ting-current motors in a coal handling plant. The report was 
made in reference to a large plant on Lake Superior, in which 
an attempt had previously been made to utilize alternating- 
current motors instead of steam engines. In discussing this 
question with the superintendent ‘of the plant I found that he 
was very strongly opposed to the alternating-current motor. 
He told me that they had tried motors of the internal resist- 
ance type, not the wound-rotor type, and he found that 
the motors heated very badly, and that the brakes gave trouble. 
The heating of the motors and the brakes was so serious that the 
electric drive was abandoned and replaced by steam engines. 
Nevertheless, I reported that it was entirely feasible to operate 
the plant with induction motors, and I have now the somewhat 


doubtful satisfaction of being able to say ‘“‘I told you so.” 


J. B. Crane: Most of the questions that have been asked 
seem to have been answered by succeeding speakers, but there 
are one or two things I would like to speak about. Mr. Sykes 
brought up the fact that dynamic braking was not as expensive 
as the mechanical braking. My figures on that point were 
secured from a company that had both systems in use, and they 
said that the mechanical braking was cheaper. Mr. Sykes says 
that it costs about $4 a month to replace the parts of the mechan- 
ical brake, while the superintendent of the dock where this system 
has been in use three years, and where they first started out using 
wooden blocks and changed to asbestos blocks, told me the 
asbestos blocks lasted from a year to a year and a half, and that is 
the only expense they have had in connection with replacement. 
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On this dock, which has been in use three years, and which was 
the first dock to install alternating-current motors at the head of 
the Lakes, there was no air whatever for operating clutches or 
anything else. Everything was controlled by alternating cur- 
rent, and there was not any direct current about the dock in any 
way. They were so very enthusiastic about it that when they 
put in the new bridge this last year they would not consider 
anything else, and wanted the bridge exactly the same, except 
that, because they wanted to handle more coal, they put in 
a larger bucket. 

I want to say from personal observation of the fact, in going 
around to the different docks, that the man in charge of the 
electrical equipment of that particular dock can always be found 
around the office, whereas going to other docks the man in charge 
of the electrical equipment is always on the bridge attending to 
trouble. 

In regard to the air-controlled system, we had this year fifty- 
six days in which the temperature did not go above zero. During 
that time they had considerable trouble with the water freezing 
in the pipes. We finally put a little alcohol in the pipes, and 
that seems to cut down the trouble from that source. 

In regard to the method of charging and getting the peaks 
with the wattmeters, I would say that reliable and thorough 
wattmeters are not made for that kind of service. It is all right 
where you install it for an industry where the peaks are fairly 
steady, but on these instantaneous peaks it is hard to keep the 
wattmeter in condition, and there is trouble from overshooting. 

We have made tests on several different makes of curve- 
drawing wattmeters and found that the overshooting varies 
from 20 to 60 per cent, depending on the extent of the peak, and 
also on the character of the load which is on when the peak starts. 
If you start from zero and go away across the scale, the over- 
shooting will be 60 per cent. If you start from the middle of the 
scale and go across the overshooting will be only 20 per cent, and 
if you start a little higher it will be only 10 per cent. If you 
dampen your curve-drawing wattmeter to cut down the over- 
shooting, the reading at the lower loads is wrong, and the errors 
on the lower loads will be anywhere from 20 to 40 per cent. 

We have also made some tests with one of the printing attach- 
ments to integrate the peak, and we find that the integrated 
5-minute peaks, when the peaks are in full operation, amount to 
practically the same as 40 per cent of the instantaneous peak, 
and it is possible we will adopt some other method in connection 
with this peak charge. When we first started in we had con- 
siderable trouble with the dock owners owing to this instan- 
taneous peak, but that has practically been eliminated, because 
of the fact that we do not take the highest instantaneous peak 
each month, but take probably the fourth or fifth highest. 

In regard to the discussion of alternating current versus direct 
cuirent, and the fact that a new direct-current dock was going 
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into operation at Duluth this year, I would say that while the 
owner of that dock has already an alternating-current dock in 
service, his adoption of the direct current was more on account of 
the fact that he is entirely opposed to alternating-current motors 
for any sort of use. He operates a coal mine and has had con- 
siderable experience with direct-current motors, and he says he 
would not have an alternating-current motor under any con- 
sideration. So the direct-current motor was adopted in that case 
simply on account of the fact that the owner is unalterably 
set against the alternating-current motor, rather than because 
the operators of the machinery consider the direct-current motor 
much superior for the operation of the dock. 

The other direct-current apparatus going in is being installed 
on docks already equipped with direct current, so, of course, 
there is no reason why they should change to alternating current. 
As it happens, there are two alternating-current docks going into 
operation this year, and they will be as large as any other docks 
at that point. 

The slowing down of the operation of the dynamic brake 
before the bucket reaches its lowest point is exactly the thing 
that the owners of the coal dock want to get away from. 
They want to run at the topmost speed until they get to the end 
and then want to stop immediately. That is the way they 
run the apparatus—they do not want to slow down and wait until 
they get to the end of the travel before stopping, and of course, 
that is why they are very hard on the motors. 

The criticism has been made that the current consumption 
was high. The figures of current consumption were secured by 
taking the total: kw-hr. consumption for the year and dividing 
that by the number of tons of coal that were sent out from that 
dock. That includes unloading the coal, and includes overhaul- 
ing the coal—most of these docks have fires during the year, and 
when they have fires the men have to get down with the buckets 
and simply dig out the fire; that figure also includes the con- 
sumption of the car loaders and all the other apparatus about 
the dock. 

The figures for the actual unloading of coal from the boat to 
the dock only, will vary, as Mr. Sykes said, from 0.35 to 0.6 kw- 
hr. per ton of coal, depending on how far the coal is taken back 
on the dock. 

There has been but one serious accident on account of shock. 
One man was killed by getting on top of one of the hard coal 
sheds where the 13,000-volt line runs along on top of the shed, and 
he came in contact with the 13,000-volt wire and was killed. 

In regard to taking coal up to the dock and lowering it to the 
dock, answering Mr. Friedlaender’s question, the coal has to be 
lowered to avoid breakage; it cannot be dropped like ore. As 
soon as they get a pile started they keep unloading on the side of 
the pile, so that they do not have to lower the coal right down to 


the dock proper. 


736 A-C. COAL UNLOADERS [April 27 


Regarding the breakage and loss in value of the coal, two of the 
docks at the present time have installed briquette plants, and they 
are making a success of briquetting the coal dust, which was 
formerly wasted, or for which they obtained only a very low 
price. A few years ago the coal dust was used for filling and 
practically thrown away, but gradually it came up in value 
from 20 cents a ton until now it sells at $1.90 a ton, and briquetted 
it sells for about $4 a ton. 

There is always some breakage of coal due to the jaws closing 
on the coal in the hold of the boat, but that is one of the things 
that it seems impossible to guard against. 

Considering the cost of installing 220- and 550-volt direct 
current as compared with 440- and 13,000-volt alternating 
current, I think the man who made the calculations must be 
mistaken. He gives the 13,000-volt system as the highest in cost. 
Several other companies that have made these calculations have 
found the 13,000-volt distribution very much cheaper. 

The speed of operation is, of course, a very important point to 
the operators. In the car-equipped dock the buckets are only of 
2.5 tons capacity, and the bucket makes 2.5 trips per minute. 
The operators have to work pretty hard all day long, and it is 
impossible to speed them up any more, because they simply can- 
not operate any faster. On the other hand, on the man-trolley 
docks, the operators only have to handle it about one and one- 
half trips per minute, and there is the chance of speeding them 
up if they can get apparatus that they can handle faster. 

If Mr. Kingsbury could come to the head of the Lakes at the 
present time I am sure that he would agree that his predictions 
have been fulfilled in respect to alternating-current motors—that 
coal dock operation with them is certainly a success, 
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DOES IT PAY THE AVERAGE COAL MINE TO 
PURCHASE CENTRAL STATION POWER? 


BY GRAHAM BRIGHT 


In the application of central station power to coal mines the 


“successful operator of today is sometimes at a loss to know just 


what saving will be effected, for the following reasons: first, 
he believes that he is producing power at a fairly low cost, due to 
cheap fuel, simple apparatus and low cost of buildings; second, 
not knowing approximately his costs in detail, he is at first un- 
able to see his saving, if any, as compared with a definite rate 
per kw-hr. for central station power; third, the use of central 
station energy often requires the purchasing of new apparatus, 
and the selling of the present generating apparatus under un- 
favorable conditions. 

In regard to the first reason, the cost of fuel is, of course, low 
at the mine, but its value should be figured at the price that 
could be obtained for it if sold. The water question is often a 
serious one, and bad water in many cases occasions heavy repairs. 
The boilers, engines and generators asa rule are the simplest and 
cheapest obtainable, there being very little incentive for high 
economy at a mine power plant. Reliability is the first requisite, 
and with the class of skilled help obtainable about a mine, this 
reliability can be obtained only with the simplest kind of ap- 
paratus. The buildings are generally of the cheaper construc- 
tion, and often have inadequate illumination, in which case the 
equipment does not receive the care it should. 

In regard to the second reason, a certain rate. per kw-hr. 
for power from a central station is not always an indication to 
the average operator as to what his total cost for power and 


his saving will be. 
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In regard to the third reason, in order to utilize central station 
energy it is usually necessary to purchase motors to replace the 
fan, hoist and compressor engines, and to purchase synchronous 
converters or motor-generator sets to replace the generators and 
engines driving them. The boilers, engines, pumps, old gen- 
erators and piping must be sold, and it is rather difficult to get 
much more than scrap value for these, if they have been in use 
for several years. If the proper depreciation on the old apparatus 
has been charged off each year, the value carried on the books 
should not be very high. The difference between the value of 
the old apparatus and the salvage obtained for it must be 
charged off, or the entire value of the old apparatus must be 
charged off and the value of the new apparatus put on the books 
as the difference between the cost of the new apparatus and the 
salvage obtained for the old. To provide for this change new 


capital is required, and the members of the average board of 


directors must be assured of adequate returns before they will 
permit the expenditure of this new capital. 

The purpose of this paper is to show a method of obtaining 
the cost of power at an average coal mine with its own power 
plant, and what the cost would be if central station energy were 
purchased at some definite rate per kw-hr. The values assumed 
are only approximate, as it is the method that is to be shown 
rather than actual values. 

We will suppose that we are investigating a shaft mine, hav- 
ing the following list of power apparatus: 

4 return tubular boilers, 18 ft. by 72 in. (549 by 183 cm.) Steam pres- 
sure, 90 lb. (40.8 kg.). 

2 boiler feed pumps. 

1 deep well pump. 

1 feed water heater. 

1 double balanced steam hoist. Max. h.p. of engine, 400. 

1 ventilating fan. Horse power of engine, 50. 

2 high-speed 150-h.p. engines for generators. 

2 100-kw. 500-volt d-c. belted generators. 

1 10-h.p. engine for machine shop. 


1 10-h.p. b? “ ‘screen. 
1 25-h.p. : “ elevator. 
1 5-h.p. rs “coal conveyer to boiler room. 


2 steam pumps at bottom of shaft, 10 h.p. each. 


The motors ‘operated from the generators will have a com- 
bined capacity of about 500 h.p. The generators will be oper- 
ated about twenty hours per day, the time depending upon the 
amount of electric pumping to be done. Some of the coal cut- 
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ting is frequently done at night, which tends to improve the 
load factor on the generators, the lights and pump load being, 
as a rule, a small percentage of the capacity of one generator. 
The hoist will operate eight hours per day, with an occasional 
trip at night, or on non-working days. The fan will operate 
24 hours per day. The tipple engines will work eight hours per 
day, and the steam pumps and coal conveyer will work inter- 
mittently. 

The mine under consideration has an average output of 1100 
tons* per day, and operates, on an average, 18 days per month 
all the year round. On days that the mine does not operate, 
one generator must be run to supply power for the pumps, 
lights and locomotives doing special work. 

The operating force will consist of the following: 


1 day engineer for the hoist. 

hes ss «© electric plant. 

1 night “ “ “ “ fe 

1 day fireman 

1 day fireman’s helper for wheeling ashes and helping around boiler 
room. — 

1 night fireman. 


The wages of extra repairmen will be included in upkeep 
and repair charges. 

The amount of coal used under the boilers will be about 500 
tons per month, and this coal being slack, or a mixture of nut, 
pea and slack, its value will be about fifty cents per ton. In 
some plants it is necessary to use run-of-mine under the boilers, 
in which case the value is considerably higher. 

To obtain the cost of power per kw-hr., it is of course neces- 
sary to first find out how many kilowatt-hours per day or per 
month are being produced. It is best to figure the costs on a 
monthly or yearly basis, in order to take into account the time ~ 
lost when the mine is not operating. The cost per ton output 
for power will depend somewhat on the number of days per 
month or per year the mine operates, since a number of the 
items of expense go on just the same whether the mine operates 
or not. In this paper the costs will be figured on a monthly 
basis, taking the working days as the average per month for 
a year. 

When obtaining the total kilowatt-hours the load factor 
should be determined at the same time, since the rate of charge 


*1 long ton =1.01605 metric tons. 
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by the central station often depends upon the load factor. The 
load factor should be figured on the total five-minute or some 
other short time peak rather than on the capacity of‘ existing 
machines, since the engines and generators installed are often 
very much larger than necessary, and their capacity is seldom 
reached by even momentary peaks. 

The electrical kilowatt-hours, momentary and five-minute 
peak loads can easily be obtained by placing a watt-hour meter 
and graphic recording wattmeter or ammeter in the circuit of 
the generators for a 24-hour run, both for a working and a non- 
working day. The power developed by the steam engines 
driving fans, hoists, etc., is more difficult to obtain. If possible, 
these engines should be indicated, and from the cycle of opera- 
tion, the horse power-hours or kilowatt-hours can be computed 
for a working and non-working day. Where it is not possible 
to use an indicator, the power taken by the fan engine may be 
calculated approximately from the size and speed of the engine, 


steam pressure, size and speed of fan, air pressure, and volume © 


of air in cubic feet per minute. The power required by the 
hoist can be figured from the work being done and checked by 
the size and speed of the engine and the steam pressure. It is 
best to place the information in tabular form, so that ready 
comparison may be made. Table I shows the method of obtain- 
ing the total kilowatt-hours per month and the load factor. 


TABLE I—Capacity, Kw-Hr. anp Loap Factors. 


Five-min. | Capacity Actual Capacity Actual 
Machines peak in kw-hr. kw-hr. forin kw-hr.|/kw-hr. for 

pete pal te celeb 24 hr. | 24 hr. 30 days. 30 days. 
Goneratorsicrcies ines ex) 250 4,800 | 800 | 144,000 | 19,200 
asin net toa ctr, cs 40 960 | 680 | 28,800 18,000 
ELOISE: ee ote. hath a 60 | 1,440 | 336 43,200 6,080 
Blevahorg tase eh 20. | 480. | 160 | 14,400 2,880 
Scrdenaieteres, eens = Bera 120 | 40 |- 3,600 720 
Machine shop............. 5 120 40 |. 3,600 1,200 
Con MeN Stiri tonisstyaudemmeuenrs 1 os 8 720 160 
Pampsiuhe ae oe tao » 12 288 120 8,640 2,400 
Tht eo. dekh A eaenie cn ties 208 cha lla 8 230 2,184 | 246,960 50,640 


Load factor for 24-hr. working day = 26.6 per cent. 
‘ ss “ 30 days = 20.6 per cent. 


In the first column are listed the various machines that are 
developing power. The second column gives the five-minute 
peak load for each machine. It will be noticed that for the 
generators this peak is less than the capacity, but this is almost 
universally the case in mine power plants. The fan engine runs 
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at one speed during 10 hours of a working day, and at a speed 
requiring about one-half as much power for the remaining 14 
hours, and for 24 hours of a non-working day. 

The hoist has a peak load of about 300 kw. for five seconds, 
followed by a load of about 150 kw. for five seconds. The aver- 
age time required for each trip will be about 52 seconds, but for 
intervals of several minutes, this time may be as low as 35 to 
388 seconds. The five-minute peak is the average kilowatts for 
five minutes, with the hoist working at its maximum speed. 
At the average speed, this peak will be about 42 kw. 

The third column shows the capacity in kilowatt-hours of 
each machine if it works 24 hours. The fourth column indicates 
the actual kilowatt-hours during a 24-hour working day. The 
ratio of column 4 to column 38 designates the load factor for a 
24-hour working day. Column 5 shows the capacity in kilowatt- 
hours for 30 days, 24 hours per day. Column 6 shows the actual 
kilowatt-hours for 30 days. This column is made up of the 
figures of column 4 for 18 days, plus the kilowatt-hours for 12 
non-working days. The ratio between the values of column 6 
and column 5 gives the load factor for 30 days. The load factor 
of a mine plant depends largely on the amount of fan and pump 
load, and may vary from 13 to 40 per cent. 

Table II shows the elements entering into the assumed in- 
stallation, together with the possible savings in these elements 
when power is purchased. 

The interest, depreciation, repairs and upkeep are indicated 
for each part of the power plant. No saving is figured on the 
engine building, since it will probably be used for the new motor- 
generator and switchboard. This apparatus should be so placed 
that the hoist engineer can look after its operation during the 
day. For the night shift a man can be obtained for about 
$60 per month. : 

In some cases where the generators are modern it may be 
advisable to retain these generators and purchase motors to 
drive them. Asa rule, the average load on a mine generator is 
very much below its rated capacity. The peak loads are, how- 
ever, rather high, so that the generators are really selected in 
regard to the peak rather than the average load. The type of 
load curve generally obtained on a mine generator is shown in 
some graphic charts (pages 11 and 12) in a paper in this volume of 
the TRANSACTIONS, entitled Central Station Power in Coal Mines, 
by W. A. Thomas. The older types of machines will not stand 
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TABLE II 
Cost BasED ON ONE MontH oF 30 Days 
Pi Total _ Amt. saved 
present with 
Items Included in Cost. cost. purchased 
power. 
Three engineers at) $85.00.. 02... 02.0 ce nes bum ot olleeieiele se $255.00 $110.00 
Two firemen at $7500): cusyetoltoeuhevt ceokeestotemaince Che eke ikea 150.00 150.00 
One helper at SHO OOS ct ele, oe then eaPohclaes axilla a otha tiie) et 50.00 50.00 
§00:tons: of coal at 50c per COsiae. cue ciees neler abe + ele ete 250.00 250.00 
Oil, ~waste- and. packing <ccte.< susiseys eliole is caietaieaels (ekeAmis ur(ntat ais] stelelnts 50.00 40.00 
Boilers: 
Cost including stack: i 2.4.2. «onde oepnem s + oy 245000 200 
Feed! puwps ie erelaena «vets seis ual dis utka eso iekererae nee 200.00 
Setting and foundationy.c..ic. «26 cleats cone weve 800.00 
Heed watersheater. 0...) ooo mene agite eee 400.00 
$5,400.00 
Tnterestiat. 5 per cent. <in..cape chive spss Wegy ements oaeiae era. a 22.50 22.50 
Depreciation 7 per. Cemtic (oreo iatate oinieiri ole aishep= fuays caleeisisel Sts pmalintare 31.50 31.50 
Repairsiand. upkeep: .« ..ocurserctraa ce J elo eet eleials tae oe 50.00 50.00 
Tastetanice de chitachacis <vc cle ea teteee eethe Peete ates ites 10.00 10.00 
Boiler Building: 
Cost $2,000.00 
Interest ati per Cents. acoainelcrmens eusntee aie =o Wiebe kare eieis 5 oe 8.35 8.35 
Depreciation: at. per Cent. acer mraceys tate sectors anointed Nel priate tale 8.35 8.35 
Upkeep and’ repairs:4. sie.. sche 3) setae cs cee eres een twice ere tne 5.00 5.00 
Engines: 
Cost Two generator engines..............--+ $3,000.00 
FROistiEnGinelc, Afaact aete aes. siete hata oe 1,500.00 
PAnwengine 5... cautae acti reek) > cea 600.00 
TElOVACOL ODF Gs aici a, iecd xo ok syorere wcalexe 200.00 
Screen engine... ccacumsbast caps tate shoe oe 150.00 
Gonvyeyernengine fuacicecui dene eae 100.00 
IP UTI S tar all ci Meu akone remade istay sack tae: uta kaime Soatens 400.00 
Machine shop engine.............+4-55 150.00 
$6,100.00 
Interest attG per cantLit ce earcasrer gale ate mh RnR ra $25.40 $25.40 
Depreciation at. 6 pér cent... <alscyhsvoue te mare rale Crepes ees eee 30.50 30.50 
Upkeep and wepal re cnnsccrse nic ose ciety ate 0a erehate tense Wass sete Ris 30.00 30.00 
Building: 
Cost $2,500.00 
Unterestcat Opper Comte ccs asters csics siete maiees ors a sie aeeres 10.40 
Depreciation t,o Der Conta Arscc ce watvn Shiv eals.cscte es oavenenisherat 10.40 
Upkeep ‘andiurenaits., 85, cicshi ciuncuts < siemism shen okra 5.00 
Piping: 
Cost $1,500.00. 
Interestiat 6. paricendve ccc, wm <stets € 7) lest shauckases hie er cee 6.25 6.25 
DEDTECIBUION Be 1) DOL CONE hci iw were ounces jarevncns sinie! am egebouayatsters 8.75 8.75 
Upkeep and repairs.............0. SEN gre aint ager oa terere Meee tes 15.00 15.00 
Generator, switchboard and wiring: 
Cost $2,640.00 
Interést ati Binet cantians. stascess pen wiiapran brea cakehe eee. $11.00 $11.00 
Depreciation at. 5 per.centisa. t eeeie onan aiasd eon daltons 11.00 11.00 
Upkeep anid Te pairs «00s 0:4,5 sarerley greainasaee fe chasis to sanchaaeeron arate 15.00 15.00 
MUPSLIGtendanGe..s..sckte-tn UCM Mes nent SE TWEE SIESa Ea OI, cee 25.00 
Taxes at 1 per cent. of valuation (assessment 90 per cent.)...... 15.00 7.50 
Liability insurance-at $1.33 per $100.00..............-00eeee+: 6.05 4.15 
Ow erhiGadiny is stavreters ale & aleteteeholy foe Riths he SRA ee ROL React een tc Rare 50.00 
Total*Costss incendie ec aaee a0 So $900.25 
Rixed \chidrges; tnt, avihiteas ante 284.40 


Operating expenses............ 881.05 
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peak loads much beyond their rated capacity, and even if they 
would, the engines are seldom in condition to take care of these 
loads. This characteristic of the engines is really a blessing in 
disguise for the generators. A modern commutating-pole gen- 
erator driven by an induction or synchronous motor can be 
purchased to give 100 per cent overload for short periods with 
little or no drop in speed and with good commutation. The 
retaining of the old generator would require a foundation for 
the motor, a belt, a coupling and probably an extension to the 
building. The total cost will about equal the cost of a new motor- 
generator set, while the latter will be a much more satisfactory 
combination. Synchronous converters are also used instead of 
motor-generator sets, depending upon the local conditions. 

The item “superintendence” includes that part of the salaries 
of the master mechanic and superintendent chargeable to the 
production of power at the mine in question. 


TABLE III 
Cost oF NEw EQUIPMENT 

elo O-Kw<tMoOvor-eenerator Seber rena ners w on a iick sk ono neens $2,800.00 
MBBS WLC b Oat Clereba ts oA ceretir ei PaaS eect ic aie-+- lng sreoanl navn. Sarasa 150.00 
1 75-h.p. induction motor with starter for fan............... 950.00 
1 250-h.p. & by iS Aeroiahoaaly matey ieee ee, am a tee ee 2,500.00 
1 30-h.p. # ie “ starter ZGCleVatorce sh ae nen. 400.00 
1 10-h.p “ 4 i : “machine shop,......0s «. 170.00 
1 10-h.p. < 4 iS . Pee SCRE CTU y tet man An tot 170.00 
2eelOohepemtOvor- ri Vier MUI PS hoe ks ceo uefa nace eevee wel eres es 650.00 
Installing, including foundation, wiring and buildings............... 1,000.00 

AMO CAL COS ite MMR: cera, ieee eatsrs, wonericue/ Pav eutewennenertbsbens (ercahe ci picies Cases vice 8,790.00 


Taxes are figured at 1 per cent per year, on an assessment of 
90 per cent of the valuation. 

Liability insurance is figured on the pay roll. 

“Overhead”’ includes that part of the salary of the officers 
and clerks of the company and of the office expenses charge- 
able to the production of power, and should be the same pro- 
portion of the total overhead that the cost of power is to the 
total cost of production. 

The total cost per month is $1,165.45, of which $284.40 is 
a fixed charge and $881.05 the operating expense. The saving 
per month with purchased power is $900.25. Since the total of 
kilowatt-hours per month is 50,640, the total cost of power per 
kilowatt-hour is $0.023. The saving with purchased power will 
be $0.0178 per kw-hr. The difference between these values, or 
$0.0052,is the common cost per kilowatt-hour, which will exist 
in either case. 

In Table III is given a list and cost of the new equipment 
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which must be purchased in order to utilize central station energy. 
Motors are provided to replace the present steam engines. All 
motors are alternating-current motors, and can be operated at 
any time, independently of the supply of direct current. In 
some cases it may be preferable to supply a direct-current 
motor for the hoist, in which event a larger motor-generator is 
required. This increase may be in the form of a larger gener- 
ator or of two generators driven by one large motor. One of 
the generators would be used for the direct-current supply for 
the mine and the other, with special control, for the hoist. If 
possible, the old hoist should be sold complete and an entire new 
electric hoist installed. In the present case, an alternating- 


TABLE IV 
SALVAGE ON OLD EQUIPMENT 

4 ‘boilers with ‘stacks.4.....0k sctese aetetce sali ess eee esi Dake attests $400.00 
2,feed pumps and water Heaters. suscsas sede <eeteal ane aie te eae oer 90.00 
2, .150-h.p:.cenerator engines=. <7 .65 aos cee ae 600.00 
2 100-kw. generators with belts and switchboard.................. 600.00 
Engine part of hoist. <,.2.<. eae en. eee: eee ee eee 50.00 
VP Slevator Engine ss, 0.6 So, s:cc S odie arg gine Sie lesen 50.00 
NETS DRON GING; 5 2.C5. crane ia stags OMe ccc ee Te ORLTS) Pes a a 75.00 
Diséreen, engine... cw ss «sve Ue emIene BAe eek ete 25.00 
1 machine Shop.eN gine si... ss nce ahs RE hace, Stein coe ance aie 25.00 
i .cénveyer and. engine... caessens cen eae eae band Soe 30.00 
2 SUEATA DUM DS..% cso. 5 SEMIS aera pes to ska ae haere renee ee eee 50.00 
oho ks\: eer aN Ie eIE 5c ae on, a Pe eee Veen ee re 50.00 
‘Total salvageos si cctwesk aoe $2,045.00 
Total net. costetnn.ce cane mere 6,745.00 

Interest at 5 per cent for 1 month..........$28.00 

Depreciation at 5 per cent for 1 month..... 28.00 

Upkeep and repairsi 0... 00. a 15.00 

DOCHLE Pascoe late iratetrseal oot eRe $71.00 
Operating and fixed charges per kw-hr. for new equipment....... ......$0.0014 


current motor will be substituted for the steam engine at the 
hoist. An adjustable speed alternating-current motor will be 
supplied for the fan. In many cases air compressors are used to 
supply air for punchers and pumps. It would be advisable to 
do away with air compressors entirely, and install electric cut- 
ters and motor-driven pumps, as the efficiency of the air system 
with its usual leaks is very low. However, in gaseous mines, it 
is sometimes considered dangerous to operate electrical appa- 
ratus, in which case a motor-driven compressor should be fur- 
nished. , 

One thousand dollars has been allowed in Table III for the 
installation of the new apparatus. This should be ample to 
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provide for foundations, alterations in building, wiring and 
mechanical application. The total cost is $8,790. 

In Table IV is shown the probable salvage that could be 
obtained for the old apparatus. These estimates should be 
kept rather low, since it is sometimes difficult to get good 
prices for old apparatus. The total salvage amounts to 
$2,045. The net cost of new equipment will, therefore, be 
$6,745. . The interest, depreciation, upkeep and repairs on the 
new equipment will amount to $71.00 per month. This is at 
the rate of $0.0014 per kw-hr. 

In Table V some specific costs and savings are given. The 
total cost of power per kilowatt-hour, saving per kilowatt- 
hour with purchased power, and the common cost in either case, 
as before mentioned, are first shown. If the common cost is 
added to the cost per kilowatt-hour with new equipment, we 


TABLE V—COSTS 


otaiicost per kw-he, fOr power... amt mek ie aitveslete wel » avs be nie @ cued «ed $0 .023 
Saving per kw-hr. if power is purchased............000ce ce cvee cece 0.0178 
Gommon cost, in either case, per*kw-hr...0c.. soe es cee ene eee 0.0052 
Net operating and fixed charges per kw-hr. for new equipment....... 0.0014 

Total cost per kw-hr. with purchased power, éxclusive of cen- 

tpalasvatiOn CHaLVe. a. mscoirtun sini ers Ge cma Caitlin chs sneaks ss 0.0066 

Charge per kw-hr. by central station which would balance present cost. 0.0164 
Saving per year at central station rate of $0.0125 per kw-hr......... 2,375.00 
Percentage profit on net investment of $6,745.00.............. 35.3 per cent. 
Saving per year at central station rate of $0.01 per kw-hr........... 3,890.00 
Percentage: profit ion met investment ..2.. 02. fee cu ct wears eee oe 57.8 per cent. 
Present cost per kw. capacity (5-minute peak) per year for fixed 

Cha nvesrermtersrstt ete attere orate sacrs tricia ce ctees o oncectorewer scene oie ie aamuane ne ener $11.65 
Present cost per kw-hr. for operating expenses........./5.....-....- 0.0174 


Total cost per kw-hr. w 
: “ “ “ “« 


ith purchased power at $0.0125 per kw-hr. 0.0191 
a a “ $0.01 « 4 0.0166 


have $0.0066 as the total cost per kilowatt-hour with purchased 
power, exclusive of the charge of the central station. If this value 
of $0.0066 is subtracted fromthe total cost per kilowatt-hour of 
$0.023, $0.0164 is obtained as the central station charge which 
would make the total cost of power the same as at present. In 
other words, if the central station rate were $0.0164 per kw-hr. 
the total cost of power would be the same as at present. Any 
rate below $0.0164 will, therefore, represent a clear saving. At 
a rate of $0.0125 per kw-hr., the saving would be $0.0039 per 
kw-hr., or $2,375 per year, which is a saving of 35.3 per cent. 
over all charges on the new investment. At this rate, the 
change would pay for itself in less than three years. At a rate 
of $0.01 per kw-hr., the saving would be $3,890, or 57.8 per cent. 
At this rate, the change would pay for itself in less than two years. 
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A coal operator will readily understand that in his isolated 
plant he will have certain fixed charges which will be practically 
the same whether his plant operates or not. His power cost 
can be divided into fixed charges and operating costs. A central 
station supplying power for his mine will also have a certain 
part of its total cost as fixed charges. In many cases the fixed 
charges of the central station will be less than the operator’s 
own fixed charges. The logical basis upon which to charge for 
central station power would therefore be a certain fixed charge 
per kilowatt capacity of substation or kilowatt demand, plus 
a rate per kilowatt-hour which will be equivalent to the opera- 
ting expense. In the present case, if the fixed charge were made 
$12.00 per year per kilowatt demand on a five-minute peak 


TABLE VI 
GENERAL DATA 

Average working daysiper/snonth.. ssn cieiies oes sici neice eae 18 
Electrical kilowatt-hours per working day... ..........00ceeeceeees 800 

a “ - * . non-working day... aseee dee eae 400 
Total steam and electric kilowatt-hours per working day............. 2,184 

& £ . hi « non-working day......0. 944 

Maximum electrical kilowatt demand, momentary peak............. 180 

& « co five-minute Tide aticss Soraia eon 150 
Maximum total steam and electric kilowatt demand, momentary peak. 450 

s Mi e C i. S ! five-minute “ 293 
Capacity of Pemer ators fs tccce cst na5ake geataboe ea rai itans oll aie ate ae 200 
Total kilowattshours per Month. cnc amt cee 5 cial aie ois ae aie enone 50,640 
Kilowatt-hours per ton output, based on 19,800 tons per month...... 2.56 
Present total cost of power per kilowatt-hour.............ececeeecs 0.0234 
Presenteost periton.output for power... 0% Gril «nici.as.ctls tan ane 0.0588 
Cost per ton output for power with central station energy at $0.0125 

per Inlowattoh ots a acmeiviatee ss oLarnardendic carat ih ete ae ee 0.0489 
Cost per ton output for power with central station energy at $0.01 

Hor ilowatt=botina Gace, dale hie. «v.eeatisnss Sela en a eee 0.0425 


basis, the charge per kilowatt-hour would be $0.0067 to make the 
total cost equivalent to $0.0125 per kw-hr. With the fixed charge 
system the total cost per kilowatt-hour decreases with the 
amount of power used. This is an incentive for the operator 
to extend the use of power as much as possible. 

There are certain advantages that central station power has 
over isolated plants that cannot be measured in dollars and 
cents, and in most cases, even when the fixed charge is the same 
as the operator would have in his own plant and the charge 
per kilowatt-hour is equal to his own operating expense, it 
would still be greatly to his advantage to purchase central 
station power. 


In Table VI is given some general information in regard to 


es 


ss 
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the results of the tests and investigation that should be made 
at a mine. The momentary and five-minute electrical peaks 
are obtained from the graphic records. These graphic records 
are very interesting and show clearly the extremely fluctuating 
nature of the load, as well as the low average load. The maxi- 
mum momentary electrical load is often less than the continuous 
capacity of the generators. A modern commutating-pole gener- 
ator of 100-kw. capacity would easily take care of the load where 
two 100-kw. old type machines are used at present. A 150-kw. 
generator has been figured on to allow for the additional load 
of the pumps when changed to electric, and also to provide for 
future extensions. The information given in Table VI will 
serve as a guide for the central station in determining the 
capacity of its lines, transformers, meters, switches, etc. The 
power required is 2.56 kw-hr. per ton mined. Since the cost per 
kilowatt-hour is $0.0234, the present total cost of power per ton 
mined will be $0.0588. 

Summarizing the above information, the following reasons are 
given to prove the advisability of a mine’s purchasing central 
station energy rather than generating its own power. 

1. Lower cost of operation. 

2. Worry and care of power plant removed. The legitimate 
business of a coal operator is to mine and ship coal, and he 
should not try to carry on another business of so different a 
nature, at the same time. The efficiency of his plant will be 
greatly increased if he can spend his entire time in looking after 
the mining and shipping of the coal. 

3. Reliability, which means greater production. 

4. Much less expense involved in shutting down mine. 

5. Capital needed for new power plant can be used for new 
development. 

6. Increased output and additional power can be obtained 
quickly with small increase in capital. 

7. Increase of production on account of increase of efficiency, 
due to ample power at all times. 

8. No change in speed of fan and pumps due to steam pres- 
sure falling occasionally. 

About the only disadvantage is that additional capital is 
often required with which to purchase new apparatus, but when 
the large returns in the shape of decreased operating expenses 
are shown, this capital is not difficult to obtain. 
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Discussion on ‘“‘ DoEes 1r PAY THE AVERAGE COAL MINE TO 
PurcHASE CENTRAL STATION Power?” (Bricut), PITTs- 
BURGH, Pa., APRIL 27, 1912. 


E. D. Dreyfus: We are indebted to Mr. Bright for having 
added another interesting chapter on the subject of electric drive 
and the use of central station power, and in taking the 
opportunity of opening the discussion I wish to make note of 
some important facts which should be kept in mind in con- 
nection with the quotation of rates for power purposes. Mr. 
Bright has been obliged to confine his comparisons to specific 
cases only and personally I feel that his deductions are very in- 
structive and valuable. 

But in regard to the cost of power generally, a note of warning 
should be sounded, as a wide variation is liable to be encountered, 
depending upon local conditions. To exhibit the extent of pos- 
sible fluctuations in cost, I have assumed a number of changes 
in conditions at random and obtained the following variations: 

(1) With the size of the unit sextupled, the cost per kw-hr. 
would be reduced from 2.05 cents per kw-hr. to 1$ cents per 
kw-hr. total, all other conditions remaining the same. 

(2) Now, with the plant quadrupled by adding, say three 
additional units of the same capacity, the cost would be lowered 
from 2.05 cents to only 14 cent per kw-hr. total. 

(8) If the load factor were improved from 25 per cent to 75 
per cent, (high percentage taken for the purpose of illustration), 
the cost would be decreased from 2.05 cents to somewhat less 
than a cent per kw-hr. 

(4) On the other hand, reducing the size one-half, the cost 
would rise from 2.05 cents to 2% cents. 

The basic conditions are a 300-kw. condensing steam unit, 
$1 coal and average operating economies. 

The above facts apply with the same force to the independent 
plant and are likely to be more serious in the case of light load 
factor. 

George R. Wood: There is one point which has not been 
brought out clearly, which is that the saving in cost of power, 
though important, is less than the saving on other items in 
the cost of coal per ton. I think Mr. Bright’s figures show a 
saving in power cost of 1} cents per ton of coal produced. My 
experience has shown savings as high as five times this amount 
due to these other items, chiefly in labor and repairs. 

The items on the cost sheet affected by higher and more uni- 
form voltage underground are: (A) overhead, including interest 
and depreciation on investment; (B) labor, including operating 
and repair men; (C) supplies. (A) is reduced on account of 
increased production with the same equipment, which in some 
cases amounts to 30 or 40 per cent; (B) is less for the same 
reason, and also because repairs and upkeep are substantially 
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reduced; (C) is also reduced on account of fewer burn-outs and 
increased efficiency of apparatus. 

As a concrete example I might quote a large mining concern, 
which four years ago was operating 10 power plants, averaging 
400 kw. each, at 550 volts direct current. The power distribu- 
tion, over a very large area, was very good, better than the aver- 
age mining plant. About 40 locomotive armatures per month 
were repaired in the shop. A central power plant of 2500 kw. 
was installed, with seven substations located near the centers 
of power consumption. The saving in power cost was almost 
four cents per ton, or about one cent per kw-hr. produced, while 
the total saving was nearly ten cents per ton, or in other words, 
the saving incidental to better underground voltage was approxi- 
mately 150 per cent of that due to saving in cost of power alone. 
There are now not more than four locomotive armatures shopped 
per month, out of 168 in service. 

H. M. Gassman: I am particularly interested in this paper, 
as I had occasion to solve the same problem, occupying the dual 
position of being interested in central power generation and dis- 
tribution as well as looking after a large number of isolated sta- 
tions and substations in connection with coal mines. As far as 
the central station is concerned the load.is desirable, being largely 
a day load, and the fluctuating nature of the load of one station is 
not objectionable, provided a sufficient number of stations can be 
secured. 

I wish, however, to take exception to some of the items in the 
summary; first, ‘‘ lower cost of operation.’”’ This I assume refers 
to the cost per kw-hr. delivered at the switchboard; if not, then 
there is some question about it, as the isolated station will have 
to pay for the loss in transformation and also ultimately for the 
transmission loss. Second, ‘‘ worry and care of power plant 
removed.’”’ I do not think that it is of great importance, unless 
the power companies contract to deliver the power to the switch- 
board. Then, in that case, we still have to contend with an organ- 
ization to take care of the power consuming apparatus. In 
item 7 Mr. Bright says: ‘‘ Increase of production on account of 
increase of efficiency, due to ample power at all times.” The 
power available is limited by the transforming capacity of the 
apparatus installed. 

There is one point I wish to call attention to, in the tabulated 
data, where the mention is made of “‘ 500 tons of coal at 50 cents 
per ton.” In figuring the saving, you can only count on saving 
the profit on the coal which if not burned under the boilers might 
be disposed of at a profit. This will make a slight difference in 
the figures, but in general it does not affect the discussion. 

In addition I would like to point out some of the disadvantages 
of the central station power supply. One of the factors that has 
been omitted in this discussion is that of the transmission 
line. This is objectionable not only because it introduces a new 
factor of line loss and regulation that is not present in the 
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usual isolated station, but because of the danger of interruptions 
of the service seriously crippling the output. We have to con- 
sider more than the actual cost of the power; v7z., the loss of 
profits, that is the loss of product. As an illustration of this I 
will refer to Table V. At a rate of saving of $0.0125 per kw-hr. 
the saving is estimated to be $2,375.00 per year. Let us figure 
that back and find what that is equivalent to in tons output. 
Assuming say 30 cents profit on a ton, this represents the profit 
on 8000 tons, or at the rate of production suggested by the author, 
this would be equivalent to seven days’ output. If power is 
brought from a distance, the interruptions of power at the sub- 
station might very easily amount to seven days in the aggregate 
per annum, if delays and disorganization due to short interrup- 
tions are considered. The self-contained generating station is 
the only thing a steel man will consider. In fact, wherever any 
important output is at stake, the question of control of the power 
supply will have to be carefully weighed. 

Considering all the advantages and disadvantages, I would 
favor, in the case of old mines, installing supplementary power, 
purchasing it either from central stations or from other sources, 
- and retaining the old equipment, largely for the reason that the 
salvage obtained from the old equipment is very small and not 
sufficient to warrant disposing of it in view of its value as a spare in 
case of some serious interruption of the purchased power. It also 
would be an advantage in case of emergency, such as increased 
demands for power during the wet season. I consider the ad- 
vantage of supplementing the old equipment as far superior to 
any attempt to abandon it. As far as a new mine is concerned, 
it is a very much larger question to solve, and it would be foolish 
to make any general statements as to whether it would be better 
to purchase central station power or establish generating stations 
for any particular mine, without full knowledge of local condi- 
tions. 

E. T. Penrose: In regard to the central station purchasing 
power, or the centralization of power, I have"been on both sides, 
purchasing and selling, and I have installed power in about sixty 
mines. In the first place, consider the matter of the transmission 
line. If we refer to Dr. Steinmetz’s paper,* Some Problems of 
High-Voltage Transmissions, his statement is that there should be 
no interruption, and there is no reason for any interruptions ex- 
cept from faulty construction. I have found that all interrup- 
tions were caused by faulty construction. 

As to the saving to the mine, particularly, as mentioned in this 
paper, to a group of mines, it is very questionable whether the 
purchasing of power from a lighting company, or what is known 
as the central station, would necessarily be a saving over the in- 
stallation of a central plant to supply the various mines in the 
district; the mine company in that case taking the loss of trans- 
mission, upkeep, etc. In my opinion, ten or twelve mines in a 
given territory would be almost, if not quite, of sufficient size to 
a i ee a 


*See page 169 of this volume. 
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compete with a central station power plant, as the cost per 
kw-hr. is absolutely dependent on the load factor, and it is a 
question if the centralization of the power plant for the mines 
would not give as high or a higher load factor than that obtained 
by the central station with the present methods of making 
rates. 

The great advantage I have had in installing central power in 
the mines has been due to the fact that the small mines do not 
have the proper engineering ability, and therefore do not run 
their equipment in the best possible way. Burning out of arma- 
tures, which was mentioned, was overcome, not from the fact that 
they had central station power, but from the fact that substations 
were installed and high voltage furnished to the mines. There- 
fore, it was a mechanical engineering proposition, rather than 
the saving in the purchasing of electric power. However, for 
the last ten years, I have been strongly recommending the pur- 
chase by the coal mines of central station power, when a rate can 
be obtained from the central station which would be a saving. 
This rate in many central stations in the coal mining districts is 
hard to obtain, owing to the fact that it must of necessity be 
much lower than the average cost of current as produced by the 
central station. However, the central stations have their 
maximum load, varying from two to four hours a night, the 
four hours being in the winter time. During that period 
they would have their highest load, and owing to the larger de- 
velopment in recent years of power business in the central stations 
they have got so that some of them run up to 50 per cent load 
factor. The coal companies could have an average load that would 
be very close to the maximum for eight hours of the twenty-four 
during the working period, which would, of course, bring their 
load factor to about 30 per cent, so that in many cases the coal 
mine will have a better load factor than the central station. 

However, it is the business of the central station to sell power 
and it is hardly the province of coal operators to do this. The 
main thing which is against the centralization of the coal proper- 
ties plant is usually the lack of water for condensing and for 
boiler purposes. To show the inefficiency of the average coal 
plant, they will use anywhere from 15 to 35 1b. of coal per kw-hr. 
That may sound alittle high, but itisso. The electric light plant 
should, with a given load factor, run with a large plant as low as 
three to four lb. of coal per kw-hr., and possibly lower than that 
with good coal. 

Therefore it is a case of whether the coal companies shall get 
together and centralize their own power business, or whether 
they shall allow the central station to centralize their power. 
I am in favor of letting the power company take charge of this 
centralization, provided they would give the coal company proper 
rates. 

H. M. Gassman: I think some of the previous speakers mis- 
understood my remarks. I do not wish to appear to be unfavor- 
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able to the central station supply for coal mines, but think that 
the advantages and disadvantages should be presented impar- 
tially, and conditions in other than the Pittsburgh district be con- 
sidered. 

My statement that the interruptions of supply from central 
station should be considered in making a decision is based upon 
experience in a locality where conditions are not so favorable as 
in the vicinity of Pittsburgh. It is not my intention to call par- 
ticular attention to the interruptions resulting from trouble in the 
central power station, but rather to the interruptions of the service 
due to line troubles and voltage disturbances which would result 
in shutting down synchronous transforming apparatus. The 
service supplied through country that is less developed and more 
exposed to lightning troubles than the Pittsburgh district cannot 
be as good as where the conditions are more favorable. This is | 
particularly true on systems with a single station and where the 
lines do not form a part of a large network. 

Furthermore, my reference to the interruptions of service per- 
tains to the broader phase of the subject, namely the actual delay 
encountered in the mine by power being shut off even for periods 
as short as that required to start up the transforming apparatus 
after being shut down by even a momentary line disturbance. 
A loss of seven days total during a year on this basis is not a seri- 
ous reflection on the central station power supply. Granted, 
however, that it is somewhat high, the figures I mentioned were 
not intended to be exact, but for the purpose of illustration, the 
same as the figures given by the writer of the paper under discus- 
sion. 

Wilfred Sykes: I was rather surprised at the statement re- 
garding the dangers of interruption, and I will say that in a large 
power plant with which I am acquainted, which supplies ap- 
proximately 75 per cent of the industries of two counties, all 
kinds of loads, over long lines, the percentage of the time it was 
ready to supply power was 99.98 per cent over a year; that is, 
there was only 2/100 per cent of the time when it was not ready 
to supply power to all the customers. A certain portion of the 
time the customers knew they could not get the power, due to 
the changing of poles and because of other changes in the line, and 
the total time during which the power was off altogether was 
twenty minutes out of 8760 hrs. 

The point has been brought up as to the removal of the worry 
incident to a power plant. I do not think anybody who has had 
anything to do with mining work will doubt that there is much 
less worry involved in looking after motor-generator sets than in 
looking after an isolated generating station; in fact, a great many 
of the operators will tell you that they are quite willing to pay an 
appreciable amount if they could have this worry off their minds. 
They complain all the time about the power plant giving trouble. 
I think the importance of this question would be appreciated by 
anybody when you consider the increasing number of central 
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stations that are being erected simply to supply power to mines. 
There are now in the course of erection quite a number of large 
plants, some to utilize water power and others are steam plants. 

I do not think Mr. Bright brought out clearly enough in his 
paper that these figures, although of course only applying to a 
particular case and used for illustration, are based upon a great 
many investigations, and by some mysterious means he has man- 
aged to get the coal operators to open their books to him. I do 
not know how he did it, but he did it, and found out what their 
costs were, and consequently he has been able to obtain a great 
many data on which this paper has been based. 

The question of putting in a central power plant for a group of 
mines is very often raised as a question of finance. I know of a 
number of cases in which the operators are quite willing to pay 
as much for central station power as they could generate that 
power for, themselves, for this reason: suppose they had to spend 
$300,000 or $400,000 for a central power plant, it will enable 
them to use that $300,000 or $400,000 in exploiting their regular 
business and that is, naturally, a very important thing, and they 
would rather enlarge their mines, spending that money in increas- 
ing their output, than put it into a central power plant just for 
the sake of running their mines. 

W.N. Ryerson: There is one other point I do not think has 
been brought out in regard to this discussion of supplying central 
station power to diversified industries, and particularly a number 
of mines that may be within easy distributing distance of one 
another. That is the ability to operate a part of the equipment 
without the heavy expense necessary to operate localized plants; 
in other words, if you have a transformer station, it requires little 
or no attendance, and if for any reason some of the mines should 
shut down you can operate the remaining ones at very much 
lower cost than would be the case if you had to have practically a 
full crew operating your central power plant. 

Then there is another question in regard to the reliability of 
service from central stations. A pretty good test of that is the 
requirements of the fire underwriters in regard to the use of 
electric fire pumps. If you comply with their requirements, and 
apply that test to your service and pass the inspection success- 
fully, I think you can safely say that the service is reliable. 

H.N. Muller: What are the interruptions on local plants as 
compared to unavoidable interruptions on energy delivered by 
transmission lines? 

How is the figure of 18 days per month obtained for average 
mine working? Does this include two shifts a day, and shut- 
downs due to strikes, car shortage, etc., and what would be the 
effect of the same on, say,a five-year average month? What is 
the value of flexibility of central station energy in obtaining 
greater capacity in a short time? 

What percentage of voltage regulation on the secondary of the 
transformer is permissible in this work, and what is the power 
factor of this load? 
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Graham Bright: Mr. Dreyfus has brought out certain con- 
ditions which may be met in a mine, but conditions at different 
mines vary so widely that it is impossible to lay down a set of 
rules to suit all conditions. 

Mr. Dreyfus gave some interesting figures in regard to costs of 
operation at various load factors. He carries the load factor 
up to 75 per cent, which is far beyond anything that can be ob- 
tained at the average mine. He also bases some of his figures 
on the assumption of good management. In actual operation 
we seldom get good management in regard to the power supply, 
since those in charge wish to spend most of their time in mining 
and shipping coal, and the power plant is left largely to take care 
of itself until a breakdown occurs and then every person available 
comes in and works until the trouble is corrected. 

I think Mr. Wood brought out very clearly the fact that even 
with the same cost or greater, it pays a mine operator to purchase 
central station power. Mr. Wood has been connected with min- 
ing work for a number of years and his opinion on this subject 
should carry great weight. 

In regard to Mr. Gassman’s remarks about there not being 
much in the ‘‘ worry and care ”’ being removed, I think that no 
person will question the statement that the “ worry and care ”’ 
of a substation. operating from synchronous converter or motor- 
generator sets, is not to be compared in any way with the ‘‘ worry 
and care ’’ which exists with the average mining plant with boil- 
ers, engines and piping in the condition that they are usually 
found in. These plants as a rule are unable to carry overloads of 
any appreciable amounts, while a modern substation will take 
care of overloads up to 100 per cent with no trouble. Mr. Gass- 
man mentions the fact that the central station power need be off 
the line only seven days in a year to wipe out the saving which has 
been shown. I believe that a large power company which has 
power off the line for seven days in one year would be considered 
very inefficient, and you will find that most of the larger power 
companies would consider this an extremely bad record. 

As Mr. Sykes brought out, the figures given in my paper are 
not theoretical, but are really based on actual facts obtained 
from a great many mines which had been investigated during 
the last few months. 

Mr. Muller has asked a question in regard to the power factor 
and voltage regulation of the power system. A fairly good power 
factor is generally obtained by taking the supply of direct current 
for the mines through synchronous converters or synchronous 
motor-generator sets. These machines can be set for a leading 
power factor and will tend to compensate for the induction motors 
which are used for driving the fans and pumps. The question of 
voltage regulation does not come up very frequently, since the 
mine operator as a rule is satisfied if he gets plenty of power at a 
fairly steady voltage. The lighting about a mine is of such a 
nature that close voltage regulation is not usually insisted upon. 
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NOTES ON UNDERGROUND CONDUITS AND CABLES 


BY C. T. MOSMAN 

The consideration of an underground conduit and cable system 
involves many points of interest besides that of the physical 
construction of the duct line, manholes, etc. The point of 
prime importance and interest is the load or current which may 
be safely carried through a duct, and this is intimately related 
to nearly every feature of construction of the duct system and of 
the cables. 

The heat generated in the cables results principally from 
IR loss in the copper, but in the case of single-conductor cables 
carrying alternating currents may be considerably augmented by 
I?R loss in lead sheaths, and slightly by dielectric hysteresis 
in the insulation. 

The J*R loss of large sizes of cable will be greater for alter- 
nating than for direct currents, due to the effective increase 
in resistance resulting from skin effect. Cables of 1,000,000 
cir. mils or larger and for use on sixty-cycle service should 
be provided with a hemp core, to reduce the skin effect to a neg- 
ligibie value. 

This heat will be dissipated by conduction through the duct 
structure to the surrounding earth; by conduction along the 
copper lead to the manholes, and there dissipated by the ven- 
tilation, if any; by air currents through the ducts from manhole 
to manhole. There will be a continuous fall of temperature 
through the various mediums from the copper to the earth, so 
that additions must be made to any exterior temperature in order 
to arrive at the temperature of the copper. 

The advisable limit of temperature of the copper differs 
according to the type of insulation used and the voltage impressed 
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thereon. To avoid undue deterioration, rubber insulation should 
not be operated above 50 deg. cent. and varnished cambric or 
paper insulation above 80 deg. cent., and this latter figure should 
be understood to apply only to low-potential operation. 

The insulation resistance of insulating material varies with the 
temperature, and differently for different insulations. The rate of 
decrease of insulation resistance, with increase of temperature, of 
high-quality rubber insulation is much lower than is the case 
with either paper or varnished cambric, the rate of decrease 
of paper being about four times that of good rubber, and the rate 
of varnished cambric about eight times. 

The variation of resistance to puncture with variation of 
temperature is of much more importance than the variation of in- 
sulation resistance. The puncture resistance varies with the time 
of application of the potential. The instantaneous resistance to 
puncture of varnished cambric insulation is the same hot or cold, 
but above a critical temperature of 70 to 80 deg. cent. the sustained 
puncture resistance decreases with increase of temperature, while 
below 60 deg. cent. this effect is negligible. This effect seems to 
depend upon variations of dielectric hysteresis with temperature 
and it varies in percentage with the thickness of insulation. 

This effect is not of practical moment in the case of cables 
built for operation at 2000 volts or less. With cable built 
for 2500 volts the effect may be approximately 5 per cent, with 
10,000-volt cable about 20 per cent, and with 25,000-volt cable 
about 25 per cent. 

It should be noted that the above-stated decreases of punc- 
ture resistance exist only while the high temperature exists, the 
insulation regaining its normal resistance when cooled. 

Paper insulation is subject to the same effect, but to a 
somewhat lesser degree. 

Rubber insulation maintains its normal value of puncture 
resistance much better than either paper or varnished cambric, 
but suffers a permanent deterioration. 

Consideration of the above indicates that it would be con- 
servative to limit the copper temperature of high-tension cable to 
50 deg. cent. for any of the above types of insulation. 

The thermal drop through the insulation will vary with the 
character and thickness of the insulation and the temperature of 
the copper, and the rate of dissipation of energy. Tests have 
been made on various types of insulation used on generator coils 
to determine the thermal drop. The results of tests by different 
experimenters differ widely. 
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One set of tests gives values of thermal drop in degrees 
centigrade per inch thickness of insulation, per watt per square 
inch dissipated, of 169 for varnished cambric tape at the rate of 
0.380 watts per sq. in. (6.45 sq. cm.), and 136 at the rate of 1.63 
watts per sq. in. (6.45 sq. cm.) From these figures it would 
appear that at rates of radiation common in cable practise the 
thermal drop would be in excess of 169 deg. cent. per watt per 
square inch per one in. (2.54 cm.) thickness. 

Applying the above to a varnished cambric insulated cable 
with a rate of 0.05 watts per sq. in. (6.45 sq. cm.) and insulation 
of 11/32 in. (8.7 mm.)thickness, the copper may be expected to be 
at about 3 deg. cent. higher temperature than the surface of the 
cable, thus showing that this is not an important matter in con- 
nection with the average commercial cable. The drop in tem- 
perature through the air in a duct and along the length of the 
duct will depend upon the opportunity for a definite circulation 
of air through the duct, which will usually be negligible. The 
temperature drop through the 
duct structure will doubtless 
vary with the type of conduit, 
whether tile or fiber, and with 
the degree of dampness of the 
surroundings. 

The position of the individual 
duct in the system will have 
great effect on its temperature 
elevation, the ducts next to earth at the bottom and sides being 
the coolest and those furthest removed from earth the warmest. 

The foregoing: must serve as my excuse for thinking that a 
reference to some actual tests made on a conduit system may 
prove of interest. 

A manufacturing plant installed a conduit system in the 
mill yard, using fiber conduit laid in cement. Because of phys- 
ical limitations the 81 ducts were laid nine wide and nine deep. 
Only a few cables were at first installed, but when later it became 
necessary to add to the number, it seemed wise to investigate 
somewhat before deciding upon the cable size and the permissible 
load per cable. e 

The main conduit line extends from manholes No. 1 to No. 9 as 
shown in Fig. 1. ‘ 

Referring to Fig. 3, giving a section of the conduit line, it 
will be noted that all the cables installed are single-conductor 
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1,000,000-cir. mil, paper-insulated, except those in ducts 13, 14 
and 15, which are 500,000-cir. mil single-conductor, rubber-insula- 
ted. 

Of the total length of main conduit line, the sections between 
manholes No. 1 and No. 2, and manholes No. 7 and No. 9, are the 
only sections which are actually underground. The balance, 
between manholes No. 2 and No. 7, are above the basement floor 
level in one of the buildings; the lower row of ducts being some 
ten to twelve in. (25 to 30 cm.) above the floor level. 

The latter sections, being inside the mill basement, with 
three sides of the system exposed to air, may be expected to oper- 
ate at higher temperatures than the former sections, which are 


Fic. 2—THERMOMETER LOCATIONS, ConpuIT LINE, MANHOLEs 3 to 4. 


A—Earth in manhole No. 4. 

B—Air entering “ « “at vent pipe. 
C—Top of duct line, as shown. 

D—Side “ “« “ “ « 

E—Earth near manhole, as shown. 
F—Top of duct line, . “J 


GC * “ « « « “ 


H— * « « «“ « “ 


buried in moist earth. Further, these sections may be expected 
to have always a greater number of ducts occupied by loaded 
cables than sections 7 to9. The limit of the capacity of the duct 
system hence should depend upon the hottest portion of these 
indoor sections. Thermometers were placed on the lead sheaths 
of the cables at the duct ends in manholes Nos. 7, 6, 5 and 4. 

Devoting a day to each manhole, readings were taken hourly 
of temperatures and loads of the cables. 

The results of these tests indicated that the highest tem- 
perature would be obtained at manhole No. 4, and the section 
from manholes No. 3 to No. 4 was finally taken as the one 
representing probably the severest condition as to temperature. 
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This section is located in the basement of a building where 
there are a number of steam and water pipes and where the tem- 
perature is usually rather high, as compared with actual under- 
ground temperatures. 

The section was tested under varying conditions of opera- 
tion and ventilation. Thermometers were placed on the lead 
sheaths of all cables carried through manhole No. 4 at the point 
where cables left the ducts on the power house side, and readings 
taken of the ampere load on each individual cable, together with 
the temperatures. The iron drawing-in wires in all the ducts not 
containing cables were connected to a 125-volt direct-current 
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Fic. 3—SECTION OF CONDUIT LINE, Fic. 4—RESISTANCE- 
MANHOLES 3 To 4. TEMPERATURE CURVE. 
Ducts 13-14-15 contain 500,000-cir. mil rubber 18 feet 0.049 galvanized iron wire. 


cables. Balance of ducts containing cables have 
1,000,000-cir. mil paper cables installed. 

All other ducts except 16-22-58 contain 0.049 
galvanized iron wire, which was used as con- 
ductor during test. 


source that could be operated and controlled independently of the 
other apparatus, and readings taken of the current flow and drop 
across the conductors in each pair of ducts, from which were cal- 
culated the watts loss per foot and the average temperature of the 
iron conductor, a sample of the iron wire having previously been 
carefully tested and a temperature-resistance curve obtained 
throughout a wide range of temperature, as shown in Fig. 4. 

It was the intention to obtain the temperature of the con- 
ductor by means of the drop of potential method, and the tempera- 
ture of the air in the duct by resistance test of the conductor 
with a Wheatstone bridge after cutting current off the conductors 
and allowing them a sufficient time to reach the temperature 
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of the air in the duct. The only bridge available at this time 
was of the slide wire type with telephones in place of galvanom- 
eter, and sufficient inductance from cables carrying load was ob- 
tained, so that this method had to be abandoned. 

Fig. 2 shows roughly the appearance of the section tested 
and the location of the thermometers on the exterior of the 
duct line, while Fig. 3 shows a cross-section of the duct line 
between manholes No. 3 and No. 4 looking toward manhole No. 3. 
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Fic. 56—Trst No. 1, 114-Hour Trst, MANHOLE No. 4, NATURAL 
VENTILATION. 


Heavy circles denote ducts containing cables. 

Upper figures in circles are temperature rise in deg. cent. above earth in manhole. 
Lower figures are watts loss per duct-foot, average for 11} hr. 

Small figures above circles are duct numbers. 


Test No. 1 


This test was made with natural ventilation to the manholes 
through the pipes to outside wall, shown in Fig. 2. The current 
was applied to the iron test wires at approximately two watts per 
duct foot during the regular operating period of the mill, that 
is, from 6:30 a.m. to noon and from 1:00 to 6:00 p.m. The re- 
sults of this test are shown in Figs. 5, 6 and 7. 

Fig. 5 shows the average watts loss per duct foot and the 
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temperature rise above the temperature of the earth in the 
manhole, plotted as a cross-section of the conduit line. A study 
of the results indicated that considerable of the heat generated 
in the test wires must have been dissipated by the cables opera- 
ting at low loads, as some of the temperatures near the center of 
the duct line were lower than some at the outside. 

The maximum temperature rise was obtained in ducts No. 11 
and No. 20, while the lowest maximum temperature rise in any 
duct containing test wire was obtained in ducts Nos. 6, 7, 37 and 
46. 

The low temperature obtained on the cables is due primarily to 
the fact that the temperatures given are sheath temperatures at 
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Fic. 6—VENTILATION, MANHOLE No. 4, Test No. 1. 


the edge of the duct, while those of the test wires are average 
temperatures of the conductor throughout its length, and an aver- 
age of two ducts, combined with the fact that the air entering 
the manholes through the ventilating pipes blows directly 
across the cables just as they leave the ducts, and also.to the light 
loads carried by the cables during the test. 
During this test and all others on this section of the line, 
there was a considerable draft of cold air blowing across the 


top of the conduit which came from the windows in the wall back 


of the conduit (see Fig. 2); the windows were not open and air 
blew in around the casings only. The test does not show, how- 
ever, that this had any noticeable effect on the results obtained, 
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except that there seems to be a tendency for the minimum tem- 
perature to be located slightly to the right of the center. 


TEsreNor2 


This test is a duplicate of the previous one, except that all 
outdoor ventilation to the manholes was stopped off and the 
manholes opened for twelve hours before test was started and left 
open during test, so that the entire section of the conduit line 
might be of approximately the same temperature as the basement 
where it is located. This was done in an endeavor to approximate 
the conditions which it was assumed would be obtained in the 
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Fic. 7—TEMPERATURES, SECTION FROM MANHOLE No. 3 TO 
No. 4. NATURAL VENTILATION. TEsT No. 1 


A—Earth in manhole No. 4. 


B—Air entering “ “ “ through ventilator—See Fig. 2. 
C—Top duct line, see Fig. 2. 
D—Side «“ “ “ “« “ 


E—Earth near manhole, see Fig. 2. 
F,G, H—Top duct line, “ “ 4 
Z—Conductor (iron wire) center duct in top row. 


summer months. It was found later, however, that summer con- 


ditions were not any more severe than in the winter, for the reason 
that windows in the wall back of the conduit line are then kept 
open and the temperature of the basement seldom exceeds 
the amount obtained during the winter months, so that test No. 1 
shows approximately the results which may be expected at any 
time of the year in this section of the conduit. The rise in tem- 
perature above that obtained in test No. 1 was not of any con- 
siderable amount. The whole cross-section showed a slightly 


higher temperature and the temperature distribution was prac- 
tically the same. 
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Test No. 8 


This test, except as to duration, is a duplicate of test No. 1. 
In this case the test was extended in order to approximate the 
results liable to be obtained if it became necessary to operate 
overtime. The results are shown in Figs. 8, 9, 10 and 11. 

During the test the manholes were ventilated in the regular 
manner and the supply of air measured as shown in Pige oe in 
this particular case there was a strong draft of air through all 
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Fic. 8—Test No. 3, 30-Hour Test, MANHOLE No. 4, 
NATURAL VENTILATION. 


Heavy circles denote ducts containing cables. 

Upper figures in circles are temperature rise in deg. cent. above earth in manhole. 
Lower figures are watts loss per duct-foot, average for 30 hr. 

Small figures above circles are duct numbers. 


vacant ducts, of which there were 57, from manhole No. 5 to 
No. 4... This has been taken into account in plotting the results, 
so that the record gives the total amount of air supplied to man- 
hole No. 4, with the exception of the quantity which came in from 
manhole No. 5 through the 24 ducts containing cables. It is 
doubtful if this condition will be found in practical operation 
as it seems extremely unlikely that the whole system would 
operate overtime on the same date. 


7 
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vite 3 


TEMP. DEG. CEN 


6.00 8.00 10.00 12.00 2.00 4.00 6.00 8.00 10,00 12,002.00 £4.00 6.00 8.00 10.00 12.00 
A.M. M. A.M. 
HOURS 
Fic. 9—VENTILATION, MANHOLE No. 4, Test No. 3. 


Measured at ventilating pipe and also ducts to manhole No. 5—about equal quantities 
of air from each source. 


TEMPERATURE DEG.CENT. 
s 


6.00 8.00 10.0012 .002.00 4.00 6.00 8.00 L0.0012.002.00 4.00 6.00 8.00 10.0012.00 
A.M. PMs ours A.M. 


Fic. 10—TEMPERATURES, SECTION FROM MANHOLE NO. 3 TO 4, NATURAL 
VENTILATION. TeEst No. 3. * 
A—Earth in manhole No. 4. 
B—Air entering “ bane tl 
C—Top of duct line—see Fig. 2. 
D—Side “« « “ “« “ « 
E—Earth near manhole— “ “ 
F, G, H—Top of duct line “ “ 
1—Conductor, center duct, top row. 


1912] MOSMAN: UNDERGROUND CONDUITS 765 


The tests so far described show only average temperatures 
and give little basis for determining the temperature at the 
middle point of a duct or throughout its length. To investigate 
this distribution a number of copper resistance coils were made 
up and inserted in various ducts. The coils were of circular 
cross-section, wound with fine copper magnet wire upon a wooden 
mandrel and enclosed in a sheet copper envelope, after which 
they were dried and thoroughly impregnated with paraffin in 
such a way that the containing envelope was entirely filled. This 
was done with the intent to render the coils waterproof, and to 
reduce the thermal resistance so that rapid tests could be 
made. Each coil was supplied with four leads, two of which 
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Fic. 11—TEemMPERATURE, Ducts 11 anp 20, TrEst No. 3. 


were soldered directly to the winding, the other two being 
merely soldered together inside the coil casing and used to de- 
termine the resistance of the coil leads so that the resistance of 
leads might be deducted from coil resistance measurements. All 
resistance measurements were made by a portable decade set. A 
temperature-resistance curve of each test coil was made, and used 
as a basis for temperature determinations of ducts. 

Before making test for temperature distribution in the length 
of ducts, it was decided to place the test coils midway between 
manholes No. 3 and No. 4 and determine what, if any, tempera- 
ture variation there was in the cross-section of the conduit system 
due to the normal loads on the cables installed, with no load oniron 
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wires. This was done and the following Table I gives the results 
obtained: 


TABLE I 

| 

| Temperatures, deg. cent. Duct Nos. | 
Time 

| ine a5, 20 35 3 45 56 62 68 74 

| — ——— 

| 9:00 29)'3..| 20.5 | 22.7 W22a7s eet | 2 Balbed come cont le 30.8 
10:00 9277-|-21..7 | 23.0.1 2227) 2274) 2L2o0 230k leZoc8 31.4 

| 11:00 99-7 | 2427 9) 2370 '22:.98| 2224 21.9 1623851} 23782653) so a8 

| 12:00 92.7 | 21.27. |. 22.7.) 22.9.) 22.2) ) 21.9.) 23.1). 24.0 | 2664 1 o24 
1:00 22:0 | 20:6) | 22-3 | 22:3 | 21.3 | 21.1 | 22.9 } 24-0) 26-45) 206 
2:00 92.3 4) 21L9) | S275) | 2203") S2r2AlQUI5 Peas 1 W243 ye 2oand ole an 
3:00 22.3 | 21.7 | 22.7 |.22.5 | 22.2 | 21.9 | 23.6 | 24.3 | 27.0 | 32.2 | 
4:00 99°93 | 207-297, || 2275.) 22.2) 2166) 22s 78 Tee saleseO con 
5:00 22:3. |-21.7-) 22.7 22.5 1622.2) \ 24.9. | 23-69 2456 427-9 aioa.s 


One coil was placed in duct No. 2 (refer to Fig. 3), which is 
exposed to the air on one side and surrounded by vacant ducts on 
the other three sides; this shows practically no temperature 
variation. 

Four coils were placed, one in each of the ducts Nos. 20, 35, 38 
and 56, which were surrounded on all sides by vacant ducts; 
except for No. 56 these showed little temperature variation except 
for a slight cooling due to the noon shutdown. 

A coil was placed in duct No. 5, which is exposed on one side 
to the air, on the opposite side to a duct containing a cable, 
and on the other two sides to vacant ducts; thisshowed practically 
no variation except at noon, and was at a generally lower tem- 
perature than those mentioned above, probably due to the prox- 
imity of cables operating at very light loads. The lead sheaths 
of these cables presumably conducted heat to the ends of the 
ducts and dissipated it to the air in the manholes. 

A coil was placed in duct No. 45, which is situated quite sim- 
ilarly to No. 5, the adjacent cable carrying a very light load. 

Two coils were placed one in each of ducts Nos. 62 and 68, 
which were surrounded on all but one side by ducts containing 
cables carrying loads, there being a vacant duct on the remaining 
side these show a higher temperature and slightly more varia- 
tion. 

One coil was placed in duct No. 74, which contained a cable 
carrying an average load of 410 amperes; this shows a higher 
temperature than any of the others, as should be expected, and by 
comparing with the temperatures by thermometer of the lead 
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sheath at the manhole it was seen that at the middle point of the 
duct the temperature was 18 per cent higher with 20 per cent less 
current in the cable. 

Duct No. 56, though surrounded by vacant ducts, shows a 
higher temperature than ducts Nos. 20, 35, and 38, similarly 
situated; this is probably due to the heat from ducts Nos. 73, 
74, and 75 rising through the duct structure. 

The temperatures shown by this test are low and the varia- 
tions negligible, due to the small loads carried by most of the 
cables at the time, and the large number of vacant ducts. 


[AVER, 


QOO@@B000 
JOOO@@@0O0 
OOO@S@0O 
HOSOO@OOe 

@ 
@ 
| 


5 TENP. AIR IN MANHOLE NO. 3-74, 5.0 
be bc bc 6c = 


OOOC00@@@ 
1@@@OOO0O0 


————EEEE 
0 10 20 30 40 50 60 70 80 90 100 110 120 180 0 


MANHOLE FEET MANHOLE 
NO.4 TEST NO.5 NO.3 


Fic. 12—TEMPERATURE—LENGTH. MANHOLES 3 TO 4. 
Ducts Nos. 56 and 62. After 24 hours of continuous operation at 2 watts per foot loss. 
Velocity of air 2.5 ft. per second, natural ventilation. Ducts 3 in. diameter. 8.8 cu. ft. 


of air per minute. 
Worked from center to manhole No. 3, then from center to manhole No. 4, the tem- 


perature essentially constant during the test. 


As te NiOero 


In order to determine the resulting effect of an air circulation 
through the ducts containing test wires, all openings to basement 
in manhole No. 3 were closed, as well as all openings to outdoor 
air in manhole No. 4, so that a measurable circulation of air 
from manhole No. 3 to No. 4 through ducts containing test wires 
could be obtained. The test wires were operated at two watts 
per duct foot for 24 hours before taking readings. 

The distribution of temperature throughout a duct was ob- 
tained by resistance readings on a test coil at various positions 
in the duct, with constant load on the iron wire. 
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The distribution of temperature in ducts 56 and 62 is shown 
in Fig. 12. This figure clearly brings out the advisability of 
surrounding a heavily loaded cable with others carrying light 
loads, as the conductor in duct No. 62, surrounded on three sides 
by cables, operated at a lower temperature than that in duct No. 
56, surrounded by conductors carrying equal loads. 

It is to be noted that the maximum temperature in duct No. 62 
is 13 per cent greater than the average, while the maximum in duct 
No. 56 is 21.4 per cent greater than the average. It is, therefore, 
reasonable to assume that the temperatures obtained in tests 

#Nos. 1, 2 and 3 should be increased approximately 15 per cent to 
obtain the approximate maximums, as the values given were ob- 
tained by calculation from the drop across a test wire, which must 
necessarily.give average values. 


Test No. 6 


It was found in the previous test that the maximum tempera- 
tures occurred at approximately 15 ft. (4.5 m.) from manhole No. 
4 when using natural draft. Onthat account all of the test coils 
were located at that position in this test. Previous to the com- 
mencement of this test the ducts containing test wires were 
operated at two watts loss per foot for 48 hours, while the ducts 
containing cables operated at their usual loads. The tempera- 
tures attained by the air in the ducts 15 ft. (4.5 m.) from manhole 
No. 4 are shown in Table IT. 

While not entirely consistent, a comparison of this table 
with duct locations shown in Fig. 3 shows the influence of lightly 
loaded cables in adjacent ducts. A comparison with Fig. 12 
shows that in 24 hours the ducts arrive at practically a con- 
stant temperature with natural ventilation when loaded to two 
watts per duct foot by the iron wires. 


TABLE II 

Duct. Temperature 15 ft. (4.5 m.) from 
No. manhole No. 4 

2 41.5 deg. cent. 

5 45.0 * = 

20 52-5: = 
35 OLeoe ne 
38 61.5 “ : 
45 42.5 “ & 
56 0070: £ 
62 41.0 “ s 
68 45.5 « 


At 8:30 a.m. forced draft was applied, the input to blower motor 
being 2.2 kw., and readings taken until 10:30 a.m. The results 
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are sufficiently indicated by Fig. 18. It was noted that at the 
completion of the test the average temperature of all ducts was 


approximately 25 deg. cent., and the temperature rise above in- 
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Fic. 13—TEMPERATURE VARIATION WITH ForcED Drart, Duct No. 
20. Trst No. 6. 


After 48 hours’ operation at 2 watts loss per foot, 475 cu. ft. air per minute at a velocity of 
13.8 ft. per second. Duct temp. taken by resistance coil in duct 15 ft. from manhole No. 4. 
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0-2 4 96 28 


coming air 20 deg. cent. This indicates the feasibility of opera- 
ting the system at greater loads by the application of forced draft. 
It does not, however, give any indication of what air pressure 
would be required, asin this test 
the large combined area of the 
vacant ducts was equivalent to 
the blower exhausting tothe free 
atmosphere. Possibly less vol- 
ume of air would be required to 
carry off the same heat if the 
ducts contained cables, because 
of the large area of cable sheath 
10 surface to come in contact with 


3 
TIME HOURS 


Fic. 14—TEMPERATURE VARIA- the air. 
TION WITH ForceD Drart, Duct 
No. 35. Test No. 7 


At 4 watts loss per foot, and 500 cu. ft. of 
air per minute. Duct temperature obtained 
with resistance coil in duct 15 ft. from 
manhole No. 4. Test No. 7. 


changed so 


test No. 7 started at 11:30 am., running to 9:30 p.m. 


As soon as test No. 6 was com- 
pleted the forced draft was shut 
off and connections on test wires 


that four watts loss per foot could be obtained and 


The 


results are sufficiently indicated by Fig. 14. The maximum 
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temperature rise above incoming air in no case exceeded 30 
deg. cent. under these conditions. It therefore seems that, 
taking into account the relief afforded by noon shutdown, the 
system may be operated at four watts loss per foot of duct, 
provided it is possible to force a sufficient amount of air 
through ducts containing cables. Unfortunately no test was 
made to determine the air required to cool a duct containing a 
cable, or the pressure necessary to force that air through, as might 
have been done by plugging up all vacant ducts and measuring 
the air delivered from manhole No. 4. 
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DISTANCE IN FEET FROM MANHOLE NO. 9 
Fic. 15—TEMPERATURE VARIATION, CENTER DUCT, BETWEEN MAN- 
HOLES No. 7 AND 9, TEsT No. 9. 
After 24 hours’ operation of all ducts containing wires of 2 watts loss per foot. This 
duct contained no wire or cable. 
Temperatures in deg: cent. 


Manhole No. 7 Manhole No. 9 
Earth temp., top —17.4 Earth temp., top —17.4 
Me se bottom — 16.3 i bottom — 16.3 
Av. manhole temp. —15.1 Av. manhole temp. —16.8 


Average temp. for line—16.0 


Test No. 9 


Every test on the section of conduit line from manhole No. 3 
to No. 4 brought to light more clearly the fact that no accurate 
deductions as to temperature conditions could be made from the 
tests, on account of the dissipation of the heat produced by the 
test wires through the cables operating at light loads. On that 
account arrangements were made to have further tests on the sec- 
tion of conduit line from manhole No. 7 to No. 9, which contained 
but,six cables, located in the lower right-hand corner of the line 
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when viewed from manhole No. 9, 2.e., ducts 70, 71, 72, 79, 80 and 
81, Fig. 3. The main conduit line ends at this manhole and only 
a short length of duct exists between the opposite side of the man- 
hole and the outdoor air where the cables are suspended from the 
underside of a bridge structure. During the tests in this sec- 
tion all ducts leading to the outdoor air were tightly closed to 
eliminate any air circulation that existed. 

The iron drawing-in wires were used for heating in this sec- 
tion as in the previous tests, and the connections were so made 
that all ducts except the center one and the six containing 
cables were heated. 
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Fic. 16—TEMPERATURE VARIATION IN CROSS-SECTION OF CONDUIT 
LINE DuRING CONTINUOUS RUN OF 72 Hours. 


At 2 watts loss per foot. Manholes 7 to 9. Test No. 10. 


The first test consisted of measurement of the temperature 
throughout the length of the center duct with a resistance coil 
to determine the point of highest temperature. The results are 
shownin Fig. 15. It is to be noted that the temperature at man- 
hole No. 9 is five degrees higher than at No. 7. This is believed 
to be due to the presence of the test connections and the operator 
at No. 9, but principally to the general tendency of the draft to be 
from No. 7 to No. 9. ' 

This figure again shows the advantage of resistance coil 
test of temperature over the drop of potential in the iron con- 
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ductor method, as the maximum temperature is 6 per cent in 
excess of the average. 

It was expected that this test woede establish an approxi- 
mate rule for the per cent to increase the values obtained in sec- 
tion between manholes No. 3 and No. 4, which were made by the 
drop of potential method in the iron wires, but as this shows only 
6 per cent increase, while previous tests on the previously men- 
tioned section indicated an increase of from 13 to 21 per cent, it 
was concluded that undoubtedly the larger values were more 
nearly correct for that section, as the temperature of the exterior 
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Fic. 17—TEMPERATURE VARIATION IN CROSS-SECTION OF Duct LINE, 
MANHOLES 7 TO 9. 


After 72 hours’ continuous operation at 2 watts loss per foot. Test No. 10. 


of concrete envelope in the basement must of necessity be higher 
than when underground. 


Test No. 10 


In order to get this section of the conduit line into a condition 
approximately equal to what would be obtained during the sum- 
mer months with the line full of cables, current was maintained 
at two watts loss per duct foot on the iron wires continuously 
for 72 hours, during which time readings were taken on the 
resistance coils, which were located approximately midway be- 
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tween the twomanholes. Figs. 16 and 17 have been plotted from 
the results. 


In Fig. 16 is plotted the average of the temperatures of two 
ducts similarly situated. 


Fig. 17 shows the temperature variations in the cross-sec- 
tion of the conduit. It is to be noted that there is little 
difference between the two curves. 


Es@Noy stl 


After the completion of the previous test the current was 
cut off from the iron wires and the conduit line allowed to cool 
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Fic. 18—TEMPERATURE VARIATION, NORMAL RUNNING CONDITION, 
FOR ONE WEEK. 


At 2 watts loss per foot. Between manholes 7 and 9. Test No. 11. 


off for 48 hours, when current was again applied and maintained 
for one week at two watts loss per foot in exactly the same 
manner as would be the case if this section were carrying the 
regular mill load with each duct containing a cable. The results 
are shown in Figs. 18, 19, 20 and 21, which show the maximum 
temperature is not reached until the evening of the fifth day. 
At that time the average temperature of the earth was 17.5 
deg. cent., so that the temperature rise of the hottest duct 
was 49 deg. cent. 
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Fic. 19—TEMPERATURE VARIATION, NORMAL RUNNING CONDITION, 
FOR ONE WEEK. 


At 2 watts loss per foot. Between manholes 7 and 9. Test No. 11. 
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Fic, 20—TEMPERATURE VARIATION, NorMaL RUNNING ConpiITION, 
FOR ONE WEEK. 


At 2 watts loss per foot. Between manholes 7 and 9. Test No. 11. 
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dEsauNiOn el2 


The preliminary tests showed that the cable in duct 76 was 
four degrees warmer than the one in duct 74 with 274 per cent 
less load. This, in view of the fact that all the cables were bonded 
together in manhole No. 3, indicated that undoubtedly the re- 
moval of the bonds would result in increased carrying capacity 
for the same temperature. In order to determine the probable 
values of sheath currents, tests were made both on cables already 
installed and on cables especially arranged for that purpose. 

Two short lengths of 1,000,000-cir. mil cable were placed in 
short lengths of conduit and connected as shown in Fig. 22, cable 
A being 13/64 in. (5.15 mm.) rubber and 3/32 in. (2.38 mm.) 
lead, over-all diameter 1.738 in. (84 mm.), and cable B being 4/32 
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Fro. 21—AVERAGE TEMPERATURE, EARTH, MANHOLES 7 AND 9, TEST 
Nox Ad, 


in. (3.17 mm.) paper and 4/32 in. (3.17 mm.) lead, over-all 
diameter 1.645 in. (31.8 mm.). Thermometers were placed on 
the copper core by means of a hole drilled through both the sheath 
and insulation. The hole was made somewhat larger than the 
thermometer bulb and all vacant space tightly packed with 
asbestos fiber. This method of getting the copper temperature 
is somewhat crude, but as no instruments suitable for other 
methods were available, it was used. 

Thermometers were also placed on the sheath of the cables 
and the outside surface of the conduit. The temperature of the 
air in the duct was obtained by means of resistance coils sus- 
pended inside, out of contact with either conduit or cable. 

The sheath currents obtained are shown in Figs. 23 and 24. | 
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Curve 1 of Fig. 23 gives the actual values of sheath current 
obtained on the test of the short lengths of cables, and curve 3 
gives the calculated value upon deducting the resistance of the 
ammeter and bond contacts measured by a bridge, while curve 
4 gives the value which would have been obtained with negligible 
bond and ammeter resistance and both cables having the same 
cross-section of lead as the paper-insulated cable. 


Curve 2 is the average of several tests made on the sheaths 


of cables in No. 1 and No. 2 spinning-room circuits. These cables 
are solder bonded in manhole No. 3 approximately 275 ft. 
(83.8 m.) from the power house, where readings were taken by 
means of an ammeter and clamped bonds. Undoubtedly this 
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CABLES ARE ENCLOSED IN SECTIONS OF DUCT CABLE A 

WHICH 18 CLOSED AT THE ENDS WITH ASBESTOS 
CABLE A IS RUBBER INSULATED 
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Fic. 22—DIAGRAM OF CONNECTIONS IN TEST OF VARIATION IN TEM- 
PERATURE AND BONDING OF 1,000,000-cIR. MIL CABLES. 


Thermometers:—l-lead sheath, cable A; 2-copper, cable A; 3-lead sheath, cable A 
4-lead sheath, cable B; 5-copper, cable B; 6-lead sheath, cable B; 7-air; 8-outside of 
duct, cable A; 9-outside of duct, cable B. 


curve gives the most reliable information, as it was made up 
from the tests of actual working conditions. 

Fig. 24 shows the watts loss per foot of conductor in both 
sheath and copper, as well ascombined loss. In making up this 
curve the values of sheath loss were calculated from current 
values shown in curve 2 of Fig. 23, using a resistance per foot 
of lead sheath of 0.000182 ohms at 20 deg. cent. These curves 
illustrate the necessity of keeping the lead sheaths of single-con- 
ductor cable carrying large alternating currents from contact. 

Figs. 25, 26, 27 and 28 show the temperature results of the 
tests on the experimental cables, Figs. 25 and 26 on the paper 
cable, and Fig. 27 and 28 on the rubber. 
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Fic. 23—SHEATH CURRENTS IN BONDED CABLES—TEsT No. 13. 
1—tTest on 17 ft. 1,000,000-cir. mil cable. 
2—Test on Nos. 1 and 2 spinning-room circuits. 
3—No. 1 corrected for bond resistance. 
4—No. 3 corrected to basis of sheath of paper cable. 
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Fic. 24—Watts Loss PER Foot, 1,000,000—cir. MIL CABLES. 
1—Sheath loss. 
2—Copper loss. 
3—Combined loss. 
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Fic. 25—TEMPERATURE OF 1,000,000-cIR. MIL CABLE. 
4/32 in. paper, 4/32 in. lead. In conduit, at 600 amperes. Test No.*12. 
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Fic. 26—TEMPERATURE OF 1,000,000-crr. MIL CABLE. 
Test No. 12. 


4/32 in. paper, 4/32 in. lead. 


In conduit, at 900 amperes. 
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These curves are principally of interest in showing the distri- 
bution of the thermal drop through the various insulating me- 
diums from the copper to the outside air. 

Due to the thinness of the insulation adjacent to the copper 
the thermal drop therein is small, but it agrees fairly with more 
careful determinations made on various kinds of insulation on 
coils. 

Due to the tests detailed in this paper being almost 
entirely based on heat generated in iron wires and in ducts con- 
taining only the iron wire, and hence having very different radia- 
ting and ventilating characteristics from ducts containing com- 
mercial cables, it is difficult to establish therefrom a limit to the 
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Fic. 27—TEMPERATURE OF 1,000,000-cIR. MIL CABLE. 
13/64 in. rubber, 3/32 in. lead. In conduit, at 600 amperes. Test No. 12. 


safe loading capacity of the ducts. However, taking into account 
the fact that the sheath of a cable will transmit considerable 
heat to the duct end and thereby more or less offset the better 
ventilation of a duct containing only an iron wire, and that 
the curves show practically constant temperature in the duct 
with only iron wires, except near the ends and the low tempera- 
tures shown by the tests, and allowing for the cooling effect of 
the noon and night shut-downs, it seems safe to conclude that 
any portion of the conduit line may be safely operated at about 
2.5 watts loss per foot of duct with natural ventilation and at 
about 4 watts loss per foot with sufficient forced ventilation, pro- 
vided all lightly loaded cables are located at the center of the 
conduit, with the heaviest loaded cables in the outside ducts. 


780 MOSMAN: UNDERGROUND CONDUITS [May 15 


Cables heavily loaded should not be placed in the top ducts, as ~ 
there is a natural tendency for the rising heat of the entire 
system to elevate the temperature of these ducts above the rest. 

By referring to Fig. 24 it will be found that 2.5 watts loss per 
foot corresponds to about 475 amperes load on the 1,000,000- 
cir. mil cables, and four watts loss per foot to about 600 amperes. 

In order to operate the line at these values of loss, it is not only 
necessary to locate the cables properly with regard to their loads, 
but also to arrange the cables so that there is little or no possi- 
bility of their coming in contactin the manholes. Anaccidental 
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Fic. 28—TEMPERATURE OF 1,000,000-cIR. MIL CABLE. 
13/64 in. rubber, 3/32 in. lead. In conduit, at 900 amperes. Test No. 12. 


contact between the lead sheaths will result in puncture of the 
sheaths if they are bonded or in contact with each other at some 
other point. 

The passage of the alternating current through the conductor 
induces an e.m.f. in the cable sheath and unless the sheaths 
are grounded the sheath of a long length of cable may be at a 
moderate potential above earth. Possibly the wisest procedure 
would be to bond together all cables of the same phase at one 
point and ground them there through a resistance. 

Where single-conductor lead-covered cables carrying alter- 
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nating current are supported in manholes on iron brackets, the 
sheaths may be insulated from the bracket by split rubber lined 
hose. 

During heavy short-circuits in the system, however, the cables 
carrying the short-circuit current may be thrown from their 
supports by the magnetic repulsion or attraction due to large 
currents. This formsastrong argument in favor of wrapping all 
cables in manholes with asbestos tape, afterwards treated with 
silicate of soda, and the use of fibre duct, thus insulating against 
the sheath voltages. 

The lead sheaths of cables carrying high-potential cur- 
rents should always be grounded at some one point. 
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Discussion on ‘‘NotES ON UNDERGROUND CONDUITS AND 
Castes”? (Mosman), Boston, Mass., May 15, 1912. 


A. E. Kennelly: This paper manifestly embodies a large 
amount of valuable experimental work. It is work, as has been 
stated, done under very trying conditions, and we are all the 
more indebted to those who have done the work on that account. 
We have, it is true, known but little concerning the heating 
conditions inside ducts, although we know fairly well the heating 
conditions around a single cable of known dimensions buried at 
a given depth in the ordinary soil. I do not mean to say that 
we ought to be content with the knowledge which we have in that 
direction, but at least we have some knowledge. 

The data obtained are interesting. This underground system, 
as shown in Fig. 1, was largely an ‘‘ over-ground ” system. 
Nevertheless, there is one section that does seem to have been 
truly an underground system, although just how deep under- 
ground I have not seen it stated. I think it would be important 
if some measurement could be given of that depth. The data 
led to the showing, as Mr. Mosman has said, of what this 
particular conduit will stand without overheating the cables it 
contains; and in a general way, of course, what is true of a duct 
in the conditions here might be acceptable in general. But it is 
very important, it seems to me, that the data collected here at 
so much time and expense should be made available for general 
purposes, besides being applicable to this specific case and this 
particular number of ducts; and I think the measurements made 
here are applicable to such a generalisation. 

If we take a conductor that is cylindrical and suppose it to 
be buried in water so as to keep its temperature at the surface 
down to a known amount, and then send a uniform current 
density all through the cable—which of course would not be 
possible with a large conductor and alternating current—the 
hottest place would be in the center and the temperature gradient 
would be lowest, naturally, at the very outside or the skin. 
That has been worked out. Ina cable of 1,000,000 cir. mils the 
difference of temperature at the center and at the skin is a 
small fraction of a deg. cent., with ordinary loading, so that with 
copper the difference of temperature that one would get is 
quite negligible from an engineering standpoint; but if we 
take a large cylinder of very poor thermal conducting material 
and moderately good electrical conducting material, the differ- 
ence of temperature that we can get between the center and 
the surface is very material; and large conduits, if they were 
made circular and then filled up like the cross-section of a 
watertube boiler, might be considered as having moderate electric . 
conductance, together with a very considerable thermal resistance. 
This is made up of the cement and the fibre, modified by the 
presence of the cables. Electric conductance is supplied by the 
cables themselves. The way such a test would naturally be 
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made is in the manner recorded here. Of course it assumes a 
circular conduit. We do not get them circular—we get them 
Square. That makes the computation very hard instead of 
comparatively simple. Nevertheless, if we take a square 
conduit, as in this case, and make the equivalent circle, I do 
not like to say what the error would be, but I do not think it 
would be very great and the computation would be approximate 
for engineering purposes. So that this gives us data from which 
we can get the average thermal conductance per foot, provided 
the duct surface has a known temperature. If it has the same 
temperature all the way round and it is known, then, knowing 
the temperature at any distance from the center, we can compute 
that. and apply it to any duct for which the temperature on the 
outside can be specified. That has to be done, of course, not 
only for a duct of cement or fibre, but for a duct of other mate- 
rials; on one where the relative dimensions of the tube differ. It 
would only be necessary, probably, to make similar tests upon a 
few feet of duct of different materials. 

One very interesting thing brought out is that the ends make 
such a tremendous difference. That is surprising to me and I 
should not have supposed that the drop of temperature at the 
ends of the duct would be anything liké as great as shown by the 
curve in Fig. 15. You can see the gradients starting at the 
middle. This shows how much heat may be carried out of a 
duct with stationary air by thermal conduction—apparently 
through the sheath—and how carefully the measurements 
should be made to avoid that effect in making such tests as 
these I am speaking of and as are detailed in connection with 
Figs. 16 and 17. An inference drawn from the paper is that one 
can, by means of forced draft, make a duct workable that would 
be unworkable otherwise. 

The above result is very useful, but I think it would 
be a very expensive method to maintain except under good 
local conditions. It seems to me that the next best arrange- 
ment would be to make a hollow conduit, that is, if we have a 
square conduit we could build it up at the sides, and leave the 
interior part hollow. But in all cases it should be put down 
underground. .A hole in the ground is much cooler than a hole 
in the air, for any duct or cable. One would naturally suppose 
that a duct which was surrounded on all sides by air would be 
kept cooler than a duct buried in the ground, especially in the 
winter time, but I think all theory and practical evidence is 
against that being true. It is best to have a conduit under- 
ground. Of course I am speaking of a hollow conduit. If you 
are going to have a conduit full, you would put the lightly 
loaded members in the center and protect them by the more 
heavily loaded members, so that the temperature might be very 
flat in the center owing to the small amount of current. The 
data given in Figs. 16 and 17 seem to me to be excellent for the 
purpose of determining the average thermal resistance, on the 
assumption that the conduit is of square cross-section. | 
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L. L. Elden: As Mr. Mosman has stated, the installation of 
conduit and cables which has been described in his paper does 
not represent commercial conditions usually present in central 
station systems. It should further be noted that the author’s 
conclusions with regard to carrying capacity of cables are not 
applicable to central station operations. tae 

Experience in conduit constructions indicates that it is inad- 
visable to install more than 12 to 16 ducts in any single group 
entering a manhole, with a strong preference for the smaller 
numberjiin city construction. With moderate size conduit 
lines it becomes possible to protect cables from injury due to 
burn-outs which may occur from time to time, more effectually 
than is possible in manholes where a large number of cables are 
concentrated. 

When considering the carrying capacities of different classes 
of cables, recognition should be given the seasonal changes and 
climatic conditions governing temperatures in each part of the 
country under consideration. In this particular latitude, central 
station operations have to contend with maximum load periods 
averaging approximately one hour, therefore it is possible to 
apply more liberal ratings to cables or other apparatus used in 
such service than would be the case in localities where higher 
temperatures are normally experienced. 

If we consider the ordinary city conduit, it will be found that, 
owing to the variety in size and types of cable ordinarily used, 
the radiation of heat from heavily loaded cables is materially 
assisted, or at any rate not impeded, by the other cables in the 
same conduit, many of which do not suffer any rise in tempera- 
ture from their own currents owing to their small values. 

In enumerating these cables, low-tension a-c. and d-c. feeders 
and transmission lines are those which suffer the largest tem- 
perature rises, and, therefore, need to be placed in the most 
favorable positions to effect easy radiation, while cables used for 
primaries, low-tension a-c. or d-c. mains, neutrals, pressure 
wires and series arc lighting circuits rarely need to be considered 
as far as radiation of internal heat is concerned, thereby per- 
mitting their installation in such locations in conduits as may be 
convenient. 

When placing cables in conduits, it is advisable to place heavily 
_ loaded cables in the outside ducts along the sides and at the top 
of conduits, leaving the smaller and cooler cables to occupy the 
bottom and central positions. 

Referring to commercial practise in the design of conduits, 
it usually is unnecessary to make elaborate calculations on the 
radiation of heat from cables in conduits of medium size, for the 
reasons above stated. However, at station exits where large 
numbers of cables are necessarily grouped together, care should 
be exercised to provide properly for any excess temperatures 
which may be developed, particularly in large direct-current 
distribution systems. The dissipation of energy per duct-foot 
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which the author has suggested as being allowable is many times 
exceeded in regular service on short hour peaks, in fact four times 
the limit referred to by Mr. Mosman is regularly attained in 
certain locations without detriment to the cable. “After looking 
through a number of temperature readings taken on cables in 
the Boston Edison system in the past, it seemed advisable to 
obtain some additional records of similar character today, and 
these are presented as of possible interest. 


1. Manhole at entrance to substation connecting with a 12-duct 

conduit. Six 1,000,000-cir. mil d-c. cables in conduit. 

Cable tested after carrying 700 amperes six hours. 

Manhole temperature, 22 deg. cent.; cable temperature, 43 deg. cent.; 
rise, 21 deg. cent. 

2. Manhole in street connecting a 4-duct conduit. One 1,000,000-cir. 
mil cable in conduit. 

Cable tested after carrying 800 amperes four hours. 
Manhole temperature, 18 deg. cent.; cable temperature, 38 deg. cent.; 
rise, 20 deg. cent. 

3. Manhole in street connecting a 24-duct conduit. Six 4/0 three- 
conductor transmission cables and miscellaneous cables in conduit. 

One 4/0 three-conductar cable tested after carrying 210 amperes 8 hours. 
Manhole temperature, 15 deg. cent.; cable temperature, 27 deg. cent.; 
rise, 12 deg. cent. 

4. Manhole in street connecting a 9-duct conduit. One 1/0 three- 
conductor transmission cable and miscellaneous series arc cables in 
conduit. 

One 1/0 three-conductor transmission cable tested after five hours’ run 
at 100 amperes. 

‘Manhole temperature, 15 deg. cent.; cable temperature, 20 deg. cent.; 
rise, 5 deg. cent. 

5. Temperatures taken at end of conduit inside a station building. 
Room temperature, 21 deg. cent.; cable temperature (average), 35 
deg. cent.; rise, 14 deg. cent. 

6. Tests in large conduit leaving the substation in this particular 
building in a conduit line consisting of 45 ducts, each occupied by one 
1,000,000-cir. mil d-c. cable. Total current leaving the station, 7000 
amperes. 

Manhole temperature, 20 deg. cent. Tests on various cables after 
carrying the following specified loads four to six hours: 
1,000,000-cir. mil d-c. cable, 500 amperes, 23 deg. cent., rise 3 deg. cent, 
“ «“ “ «“ “ 700 “ 30 “ “ “ vf “ (3 
“ 0 Sool a3 “ 900 “ 214 “ « “ 13 “ “ 


Variations in temperature were noted among cables carrying the same 
loads, due to their location in the conduit with reference to the loaded 
cables, and to the outside faces of conduit. 

7. Temperature of a 1,000,000-cir. mil d-c. cable carrying 800 amperes 
for a long period, in location not affected by other cable, showed a rise 


of 40 deg. cent. 
8. Temperature of 1,000,000-cir. mil concentric cable used for d-c. 
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feeders and operated at 1000 amperes showed approximately the following 
increase in temperature: 


Ist hour 2nd hour 3rd hour 
temperature rise temperature rise temperature rise 


Sheathite: ut cae ois 10 deg. cent. 25 deg. cent. 40 deg. cent. 


Outer conductor... 20 “ « 40 « « 5B 8 : 
Inner conductor.. 21 “ « 42 « «& 60. « 


While this type of cable is not as well adapted for continuous heavy 
duty as are single-conductor cables, the economies which it effects in 
duct space and its ability to carry heavy loads from two to three hours 
make it eminently satisfactory for central station systems. 

9. Temperature of 4/0 three-conductor 15,000-volt cable operated 
at 250 amperes attained a rise of 47 deg. cent. after two hours, and at 300 
amperes a rise of 63 deg. cent. 


These tests were made on individual cables in conduits with 
other cables and indicate the average conditions which would 
obtain in the ordinary operations of the system. 

In connection with these tests it has been demonstrated that 
the winter temperatures in manholes closely approximate . 
10 deg. cent., while summer temperatures reach 25 deg. cent., a 
condition particularly favorable in connection with the operation 
of a cable system under maximum load conditions as they occur 
in this latitude. 

From every point of view the method of designating the 
carrying capacity of cables by temperature rise is misleading in 
effect, as full value or use of cables cannot be attained by such 
methods. It is contended that a determination of the maximum 
allowable cable temperature should be the true method of rating 
a cable, thereby leaving it possible for the operators of distribut- 
ing systems to work cables at higher kw. capacities in winter 
than in summer. For instance, repeated tests on 1,000,000-cir. 
mil and three-conductor cables as between winter and summer 
_ conditions show that the winter ratings may properly exceed 

the summer ratings of such cables by 10 to 15 per cent while 
attaining the same maximum temperature. 

The suggestion is made by the author that a 50 deg. cent. rise 
is good practise for paper-insulated cable for high-tension work. 
Assuming that this rise is to be calculated for a base of 20 deg. 
cent., a maximum temperature of 70 deg. cent. would result, 
as compared with 73 deg. cent. in English and European practise. 
As the average temperature in England is lower than in Massa- 
chusetts, the advantage of the maximum temperature method 
of rating is obvious. 

Referring to foreign cables, it should be noted that the im- 
pregnating compounds used abroad are somewhat different in 
composition from those with which we are familiar, in that they 
are adapted for operation at higher temperatures. 
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Mr. Mosman has spoken of bonding methods and troubles 
resulting from sheath currents. With 1,000,000-cir. mil lead- 
covered cables used for alternating-current service, sheath cur- 
rents are developed which require serious attention, although such 
installations are rarely met with in commercial service, for 
obvious reasons. 

Primary or secondary a-c. mains using single-conductor cables 
larger than 350,000 cir. mils are rarely met with in central 
station systems, and owing to the distances covered, it rarely 
occurs that such cables are loaded to exceed two-thirds their 
maximum carrying capacity, under which conditions the sheath 
currents do not exceed 10 per cent of the line current, an amount 
of current easily cared for by proper bonding. Wherever possible 
this evil may be avoided by using multiple-conductor cables for 
a-c. distribution. 

Bonding of cable systems should receive serious attention by 
all operating companies, first to avoid damage to cable sheath 
from electrolysis, and secondly to avoid sparking between 
sheaths. 

Good practise indicates that all cables in manholes should be 
substantially bonded together and grounded at frequent inter- 
vals, and in some cases special conditions may indicate the 
desirability of bonding to railway return systems to avoid electro- 
lytic troubles. 

In transmission systems operating with a grounded neutral, 
it is particularly desirable that all transmission cables be securely 
bonded together and in some locations securely grounded in 
order to insure a path of low resistance for fault currents in the 
event of cable failures. 

The lack of definite knowledge of the relative radiating values 
of the different forms of ducts, when installed in groups of 
various shapes and sizes, and in different soils at varying depths, 
under conditions regularly met with in practise, is regrettable, 
and studies on this subject would be of great value. 

The radiating value of fibre duct is practically an unknown 
factor, although its advantages in other directions are well 
known, particularly in the assistance it affords in insulating 
cable sheaths from ground currents in locations where conditions 
are favorable and where such construction affords relief from 
electrolysis. 

William L. Puffer: Referring to Dm» Kennelly’s idea of 
hollow construction, I believe that the proper way of considering 
this whole matter is to take into consideration what lies outside 
the surface of the conduit. The heat is carried away by the 
earth. You have a certain circumference of the duct line going 
through the earth. The question is, how fast the earth can take 
-heat away from that. Consider everything inside the conduit 
line as a sort of composite device which is producing heat. 
Note Fig. 17, bearing in mind that the direction spoken of is 
diagonal, not horizontal or longitudinal to the surface of the 
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conduit. If you will notice the numbering on these ducts, you 
will see that these are given diagonally and not from duct to 
duct measured from the outside inward. Also note that it 
would be better if you drew a horizontal reference line at about 
the figure 20, in Fig. 17, representing the temperature of the 
earth, which has been referred to as about 20 deg. cent. You 
will notice then that your curve has a different appearance as 
you get inside the duct line, the temperature rising enormously. 
In Fig. 18, if you will draw that horizontal line through the 20- 
deg. mark you will notice that the first curve, for duct No. 1, 
shows a comparatively small rise in temperature. Then as you 
go diagonally into that duct line the temperature is rising enor- 
mously. 

Referring to the remarks on the next to the last page, concerning 
the data given in Fig. 24, the copper carrying capacity is interest- 
ing. A loss of 2.5 watts per foot (30.5 cm.) or 475 amperes on the 
1,000,000-cir. mil cable corresponds to 2100 mils per ampere or 
about 600 amperes per sq. in. (6.45 sq. cm.), which you see is 
comparatively low density. Then the four watts per ft. cor- 
responds to about 1700 cir. mils per ampere or a density of ap- 
proximately 775 amperes to the sq. in. (6.45 sq. cm.). If you 
will turn to Figs. 25, 26 and 27 and notice the way in which these 
temperature rises are made up, beginning at the top at the ex- 
treme right of the curves, you will notice that there is very 
little temperature difference between the copper and the sheath— 
something like three or four degrees. That compares very well 
with measurements which I have taken by a very refined method, 
where there is no room for query. The data are unusually 
correct for a duct line in service. There is a big difference 
between the temperatures of the sheath and the air in the duct. 
I think that is due to the method of measurement. If there 
is any way of producing artificial cooling so that you can elim- 
inate a large part of the difference in temperature between the 
sheath and the outside air or ground, there will be a chance to 
spend money to great advantage. I have suggested, and this 
suggestion I do not claim is original, that the way to do with 
a line that is going to run a great deal of current for a long time 
is to see that the ducts are full of water. If you ever try heating 
water you will find that it takes a great many watts per foot be- 
fore you can raise the temperature, and if you put water through 
these ducts you will find that the carrying capacity will go up 
enormously. That same idea is possible in measurements. I 
imagine that the temperature measurements were made up from 
the resistance of iron wire which had been calibrated externally, 
then pulled into the ducts and the drop measured. You will 
notice that would give two readings, because of the fact that the 
wire is cooled by the external body of the duct in which it is 
resting, so you would get a lower indication than you would have 
if the wire were in position during the calibration, so that these 
temperatures, I think, should be even higher. I think the results 
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have been understated rather than overstated, due to that 
possible error. 

If you will look up Fig. 8 and observe the carrying capacity 
of the different ducts making up this 9 by 9 line, you will realize 
that substantially 40 per cent of the ducts are not loaded any- 
where near their capacity, so that the figures we read in here 
really have to do with a duct line which has only three tubes, 
being cooled on one side by a temperature which is comparatively 
low, 36 to 22 deg. cent., and on the other side a temperature of 
something like 25 or 26 deg. cent. So the information in this 
part of the paper should not be confused with that which is 
given a little later on. I think that it would have been well 
to include a sketch showing the temperatures in the duct which 
was actually underground. 

I do not see anything to criticise unfavorably in the paper, and 
I know very well from experience how hard it is to make any sort 
of tests that will plot anywhere near a straight or curved line 
under such conditions as those under which this has to be done; 
and the fact that the investigators got any curve line at all 
shows to my mind that they should receive a great deal of credit 
for doing this work. 

William Clark: In reference to Professor Puffer’s statement, 
regarding the calibration of the test wires, the sample of wire was 
wound on a spool and immersed in oil contained in a tank which 
was also immersed in water, the temperature of which could be 
controlled, so that we had a direct contact with the cooling 
medium as nearly as possible approximating the result obtained 
in the duct, although in the duct there was but a small contact 
between the iron wire and the fibre. 

In reply to Dr. Kennelly’s question concerning the earth’s 
surface and the top of the conduit line, no measurements were 
made, but it is my impression that the concrete envelope was 
18 in. or 2 ft. (45 to 60 cm.) below the surface of the earth. 

E. N. Lake: These experiments show rather conclusively 
the influence of thermal conductance and radiating surfaces 
upon temperature rises. In this connection, I think it will be 
granted that a clay material has a better conductance than the 
fibrous material. The square duct, as has been suggested by one 
of the previous speakers, has a larger radiating surface. That 
also gives a slightly larger surrounding medium of air. So I 
believe the question of the relative advantages of round fibre 
duct as against square clay duct is worthy of very careful con- 
sideration and a good deal of study on the part of distribution 
engineers. There are a number of large systems in this country 
that have, after a considerable amount of experimentation, 
adopted the single, square, clay duct. 

In the matter of manhole protection to cables, several com- 
panies have used a little different method from that suggested 
by Mr. Mosman, and that is, to support the cables in the man- 
holes not upon metal racks but upon some form of shelving, and 
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to protect them one from the other, so’as to isolate the cables 
in the case of burn-outs, by the same class of material that is 
used throughout the length of the duct, namely, vitrified clay, 
using for this purpose split sections. 

Fig. 15 shows very strikingly the relation of radiation and con- 
ductance. I would like to suggest that perhaps the temperatures 
as given by Mr. Elden were temperatures that would correspond 
to the temperature conditions of cables at the manholes. 

As to the matter of conduit construction, a subdivision of 
duct line is usually, although not always, possible—a construc- 
tion which carries through the center of the duct section a divid- 
ing wall of the conduit. This has been used to very good ad- 
vantage—a construction which has been called duplex construc- 
tion—using a maximum single section of 12 or 16 ducts, but 
a total section of 24 or 32, carrying the opposite section in the 
other side of the manhole. This has been done primarily to 
accomplish, as nearly as possible, perfect separation of the 
cables, so that trouble in one conductor will not be transmitted 
to the entire group in one manhole. : 

One of the preceding speakers mentioned the use of water 
as a medium for surrounding the cables. I recall a case of serious 
trouble that at the time, without giving very much thought to it, 
we attributed to the presence of water in the ducts and manholes. 
There were some forty-two 600-volt railway cables in a con- 
duit line filled with water, covering the entire number of cables. 
What is called by distribution mena “‘ slow burn-out ’’ occurred. 
It was so slow that the men could keep the circuit breakers in 
at the station, working at it industriously. After a couple 
of hours of this kind of operation, between one and three o’clock 
in the morning, it was discovered that all 42 of these cables were 
burned off under the water. I do not know whether it would be 
possible for that to occur under any other conditions or not, 
but it was one of the most unusual burn-outs that has ever come 
to my attention. 

G. A. Burnham: I can perhaps answer the question Dr. 
Kennelly brought up about Fig. 15. If you compare Fig. 15 
with Fig. 12 you will note that the variation in temperature in both 
curves, that is, the difference between the minimum of one 
curve and the maximum of the same curve, is practically the 
same; it is approximately 25 deg. cent. between the low point and 
the high point. The reason for the curve in Fig. 15 dropping off 
so abruptly on the right-hand side is that that manhole, if I 
remember correctly, was open to the airononeside. The tempera- 
ture in manhole No. 9, I think, was considerably lower than 
manhole No. 4. Now in curve No. 12 of manholes 3 and 4, we 
had a 10-in. (25-cm.) vent pipe in No. 4, and the temperature 
was very much higher than in No. 3, due to direction of air current. 
I think the temperatures which Mr. Elden mentioned were at the 
mouths of the manholes. Although his temperatures are rather 
low, they seem to bear out the conclusions which have beenarrived 
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at in this paper, that the temperatures within the duct are con- 
siderably higher than is indicated at the mouth of the manhole, 
because it does not appear that there can be a great deal of cir- 
culation and natural ventilation in a long conduit line; that seems 
to be practically proved by Fig. 15. That shows practically 
no ventilation, no action of air from one end to the other, as 
a contrast to Fig. 12. In Fig. 12 the direction of air is from right 
to left, from manhole No. 3 to manhole No. 4, because the air 
sweeping down through the ducts carries the heat with it. 

Curve 1 in Fig. 23 seems to indicate that the contact resistance 
and resistance of the ammeter coil was practically 60 per cent of 
the total resistance of the lead sheath. 

That same ammeter, with the same method of bonding, was 
applied to the spinning room circuits, and those were approxi- 
mately 275 ft. (84 m.), and one would naturally expect that curve 
2 of Fig. 23, showing the sheath currents in the spinning room cir- 
cuit, would be much higher than it is, because the resistance 
per foot of the lead sheath, including the contact resistance of 
the bonds and the resistance of the ammeter coil, would becon- 
siderably higher than would be the case in the experimental 
cable, and with the same current density there would be the same 
flux and induced voltage per foot. So one would expect that 
curve 2 would be a great deal higher than shown, if the 
readings on curve 1 are correct. 

The point brought up by Professor Puffer, about the measure- 
ments of the temperatures not being taken in a horizontal direc- 
tion, is interesting. Of the two curves which are plotted in 
Fig. 17, one is a curve starting at the upper left-hand corner of 
the conduit line and running at an angle of 45 deg. downward, 
and the other is starting at the left-hand bottom corner of the 
conduit and running 45 deg. upward, and the two curves practi- 
cally coincide, so it seems to me that is a fairly average con- 
dition. 

David Harrington: I wish to discuss the practical side of 
the question—what we are going to do about it. There does not 
seem to be much doubt that there is a certain amount of heating 
through the ducts, and it seems very natural that there should 
be, under the circumstances. I am somewhat skeptical in re- 
gard to Dr. Kennelly’s idea of a central duct. I should be rather 
doubtful about the efficacy of a duct filled with still air doing 
much in the way of conducting away the heat. I think it is 
doubtful whether still material of that kind, either air or water, 
would for any considerable time take care of the heat; but I do 
believe that the day is coming and is perhaps nearer than we 
think, when the central station man can control the conditions 
in the manholes and in the conduits. 

People have fought rather shy of this question. When a 
pole line needs anything done to it or there is any difficulty, they 
get after it and find out what is the matter with it, and from time 
to time they inspect the system; and also the engine is oiled, 
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nowadays, so that it will run properly; but an underground con- 
duit is put into the ground, the manhole is built, and they say 
‘Let it go and it will take care of itself.’’ I do not believe that 
attitude is going to be mantained for a great length of time, and 
I believe we can control the conditions of the manhole and of 
the ducts. Without going into details, I believe that with a 
forced draft the air could be controlled at practically whatever 
temperature may be desired, and perhaps at an expense which 
would be thoroughly warranted by the saving received. More- 
over, the advantage of controlling the manholes and ducts by a 
draft of air would entirely take away the problem which we have 
from gas in our manholes. That would be taken care of at the 
same time as the temperature. I doubt if there is very much 
difference for a long space of time in the temperature of the 
ground immediately outside the duct. Ithink that under ordi- 
nary conditions the ground immediately adjacent to the ducts 
becomes of the same temperature as the ducts and is somewhat 
slow in dissipating the heat. I think we could get a very much 
quicker and more satisfactory regulation by moving air than 
we would by the still earth, still water or air. This method I 
do not think is so difficult as people believe. In the first place, 
the large conduits which would naturally be most affected by 
the heat are in general rather close to the station and they would 
be more easily reached than a smaller duct, which would not 
need ventilation so much, perhaps. Some twenty years ago in 
New York the condition of the conduits was regulated by air 
pressure from the station, and that was at a considerable dis- 
tance from the station. It was found not be be an expensive or 
a difficult thing to do, and a very simple method of maintaining 
air pressure was found efficacious. Of course the parts of the 
transmission lines which would naturally carry the heavy cur- 
rent are generally in small conduits and probably would not be as 
much affected as the larger conduits. It is my opinion that pos- 
sibly attending to the condition of the conduits and the air in 
them, and regulating that, might be a simpler matter than to try 
to regulate the cables and adapt them to the conditions which 
we find in the conduits. 

George W. Palmer, Jr.: This paper shows that there has been 
a great deal of care taken in getting it into shape. There is 
very little literature extant on the subject of the limitation of the 
carrying capacity of cables due to the manner in which the 
heat is radiated from the cables, and any contribution to this 
subject is to be welcomed. 

It is evident that operating companies which are now using 
or have been using overhead conductors, and have been accus- 
tomed to overload them heavily, have got to modify their practise 
very materially when they come to put the conductors into 
underground conduits. Now we are not going to be able 
to work these conductors at the same current density when we get” 
them underground. I would have been glad to see some Idata 


1912] DISCUSSION AT BOSTON 793 


- given in the paper on the performance of cables in tile duct, which 
has been longer and more extensively in use than the fibre duct, 
which has come into use within the last few years. 

I think it is evident from what has been said that something 
can be accomplished where a conduit has a large number of ducts, 
in making it of the shape, so far as may be, to give the most favor- 

able radiation. I note that resistance to puncture as given by 
the author does not decrease for paper as rapidly as it does for 
cambric, and that is interesting. 

We have tried to keep our conduits dry. If water gets 
into a manhole, we drain it, and we lay our ducts always with 
such a pitch that there will be no water left inthem. I should 
hesitate for a long time before filling up the ducts with water. 
We know that the presence of water increases certain troubles 
in our cable sheaths and makes them much more likely 
to fail. I am somewhat surprised to see the values 
which are given for sheath currents. I note that on 1,000,000- 
cir. mil cable carrying 500 amperes the author gives 175 
amperes. This is somewhat larger than I should have sup- 
posed the value to be. The safe carrying capacity, the author 
evidently thinks, from the conclusions he draws from his data, 
is 2.5 watts loss per foot (30.5 cm.) of duct, corresponding to a 
load of 475 amperes on a 1,000,000-cir. mil cable. It seems to 
me that if we are not going to be able to work our cables at any 
higher current density than that, we must find some cheaper 
metal than copper to use. At the end of the paper the author 
comments about these sheath currents, which raises the question 
of whether or not it is more desirable that all the phases of the 
circuit should be included in one cable. We found in our own 
practise a number of cases where electrolysis occurred in single- 
conductor a-c. cable with lead sheath. As the cable happened 
to belong to somebody else and was laid somewhere near a street 
railway track, the railway company was immediately accused of 
damaging the cable, but I think the company was able to con- 
vince the owners of the cable that the cause was elsewhere. In 
regard to the protection of the cable in the manholes with 
silicate of soda, while we have never used that, I understand it 
is of no value where there is dampness present in manholes. 

William L. Puffer: This paper, we must remember, treats 
of a9 by 9 duct conduit, run with alternating current, presumably 
entirely ungrounded. Two of those who have taken part in 
the discussion have compared with it certain systems which every 
one thinks at times are grounded, and the comparison is not a fair 
one. The question of the presence of water in ducts and man- 
holes also is not fairly compared with what might happen here, 
for the same reason, that they are operating with grounded sys- 
tems, and practically selecting the ground as the other wire. In 
this test the return wire is in the line and no part of it would be 
grounded, and moreover, it is alternating current, and the results 
will naturally be very different. 
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L. L. Elden: I do not know whether or not the gas problem 
which is encountered in city practise is appreciated, but at any 
rate it has become necessary in Boston to ventilate the manholes, 
and I am at a loss to know how it would be possible to maintain 
air pressure with a 4-in. (10-cm.) opening in every manhole, 
beginning with the first one from the station. I believe such a 
system means a closed manhole system with many points pro- 
vided for the supply of air, and provision must be made to avoid 
the collection of gas in pockets or dead-ended conduits. I 
believe this scheme was abandoned in New York for the reason 
that the conditions became prohibitive for its operation. Pro- 
fessor Puffer has spoken about water in conduit systems. There 
is no question that at times it is a convenience to have in some 
systems, providing suitable means are available to remove it 
quickly when necessary. 

David Harrington: In regard to the matter of regulation of 
air pressure, I would recommend a system of air circulation 
which was regulated through an underground system. I would 
not expect to turn air loose in a system and let it take care of 
itself. 

I think people do not appreciate how comparatively easy it 
is to ventilate and maintain a proper temperature through a 
very considerable length of conduit. Personally, I never have 
been a great believer in ventilated manhole covers as a method 
of ventilation for a system. There are two or three things 
about it which I think are bad. In the first place the system 
does not stay open because most of the holes get plugged up, 
and then if it does stay open, in my experience, it does not ven- 
tilate the manhole. But I would recommend an absolute system 
of ventilation through manholes and of cooling through manholes, 
and I believe it can be done without regard to the manhole 
covers. I would say this, however, that in order to make an 
efficacious system for ventilating and cooling the ducts, the ducts 
must be tight. That is the case with any method; whether 
you are going to cool by air or water or something else, you must 
have a tight duct. 

L. L. Elden: Another word in regard to ventilating manhole 
covers. <A simple test at the perforations in such covers readily 
shows that as a means for establishing a circulation of air within 
the conduits, this method of ventilation is reasonably efficient. 
In practise it has been noted that where double or otherwise tight 
manhole covers are employed, explosions are much more destruc- 
tive than where perforated covers are used. In the first case, 
the street surface is usually severely affected, while in the latter 
only the cover is dislodged. 

Philip Torchio: Mr. Mosman gives the results of heating 
of cables in ducts for a subway structure consisting of 81 ducts. 
Modern practise is against the adoption of a large number of 
ducts in one trench, as it has been found that it is not economical 
to practically halve the carrying capacity of the cables to save 
a few cents in conduit construction. 
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A very important subject brought up by Mr. Mosman is the 
effect of alternating currents on single-conductor leaded cables. 
_ The New York Edison Company has on several occasions car- 
ried out tests along the lines followed by Mr. Mosman, and I 
present herewith two reports, one of January, 1907, and one of 
April, 1912, which may pertinently supplement Mr. Mosman’s 
results, as they were carried out for frequencies of 25 and 60 
cycles, instead of the frequency of 40 cycles dealt with in the 
author’s paper. 

I think that all of this information is valuable to central station 
engineers, as information of this character is rather meager. 
As to some conclusions of Mr. Mosman, I am not prepared 
either to endorse them or to take issue with them. I want, 
however, to point out that there may be disadvantages in relying 
on the maintenance of insulation in ducts and manholes for a 
long single-conductor leaded cable carrying large alternating 
currents. A safer procedure would probably be the frequent 
bonding and grounding of the lead sheaths so as to reduce the 
amperes flowing in any one length to a moderate amount. 

For low-tension work, however, as for instance in the case 
described in the paper, I would consider the use of concentric 
or multi-conductor cables preferable to the single-conductor 
cables. Where single-conductor cables must be used, some form 
of waterproof insulation and braiding could be used to advantage 
for voltages not exceeding 2000. For higher voltages, braided 
cables must be, in addition, supported by highly insulating 
clamps to prevent their destruction from static discharges to 
neighboring high-resistance grounds. 

Induced Currents in Cable Sheaths—January, 1907. The fol- 
lowing tests were made to measure the currents induced in the 
lead sheaths of the cables on generator No. 10 in Waterside 
Station No. 2. 


Renothyotscabless..... ems .ta- 106 ft. (82.3 m.) 
Ottsidesdiameter ty ju. neakiles 22 in. (60.3 mm.) 

fbintok ness Ob lead spsiraiem e eiet-« 4 in. (8.175 mm.) 

CWOMpeigny. sepa: © eiabw es 1,500,000 cir. mils 
Cross-section of lead. ........ 0.8835 sq. in. (5679.7 sq. mm.) 
Resistance of lead.....2.-.... 0.000105 ohms per ft.(304.8 mm.) 


When tested, these cable sheaths were permanently bonded 
and grounded at the upper end in the transformer gallery. All 
other bonds and grounds were cleared, down to the generator 
terminals, where the bond wires were opened for measurements. 
Under these conditions the sheath circuits were star-connected, 
and it was found that the open-circuit voltage from end to end 
on one sheath was 1.38 volts, with 360 primary amperes. Read- 
ing across the open ends of two legs, 2.56 volts was observed, 
against a calculated voltage of 2.39, assuming the two to have a 
phase difference of 120 deg. (V3 X 1.38). 

Upon completing the circuit by joining the generator end to 
a common connection through an ammeter, the voltage from 
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end to end dropped to 1.10 volts, the current flowing along the 
sheath being 15 amperes. 

With 632 amperes, a current of 44 amperes was measured, 
flowing from the sheath to the common connection. 

A test for unbalanced current to ground was made by observing 
the current in the three leads from the sheaths to the common 
connection, and also the current flowing from the common con- 
nection to ground. 

With 360 primary amperes, the currents flowing along the 
three sheaths were about 18 amperes, while the current to 
ground was 0.385 ampere. As the ammeters and connections 
were not all of the same resistance, this probably accounts for 
the unbalanced current. 

A bond was made in the basement about 35 ft. (10.6 m.) 
from the generator and tying the three sheaths together; under 
these conditions the current at the generator end was reduced 
from 26 amperes without the bond, to 12 amperes with the bond, 
with 450 primary amperes. 

In general, therefore, it appears that the currents induced in 
the sheaths are balanced, or nearly so, and that if the bonds 
between the sheaths are heavy enough, and make good contact, 
there will be practically no current to ground. In order to re- 
duce the current flowing in any bond wire, several bonds should 
be provided. 

For the No. 10 generator cables at Waterside Station No. 2, 
it appears that with 25 cycles, 800 primary amperes, bonds 
about every 40 ft. (12.2 m.) should not have more than about 
18 amperes flowing in them. It would seem to be sufficient to 
ground the bonds at the ends of the cable, if the bond connections 
are all made with good contacts. ‘ 

Induced Currents in Lead Cable Sheaths—A pril 30,1912. Th 
following tests were made to measure the currents induced in the 
lead sheath of a 1,500,000-cir. mil single-conductor cable. The 
tests were made in comparison with a similar cable with braid 
covering. 

The two sample cables were drawn into tile ducts, both in 
outside ducts and separated from each other by an empty duct; 
this location placed them 14 in. (856 mm.) apart between centers. 
The two cables were connected together at one end, and current 
was passed through them in series. The two ends of the lead 
sheath were connected together through a 500,000-cir. mil 
cable. Complete measurements were made in the main circuit 
for both the lead and braid-covered cables, and also in the sheath 
circuit. The ducts were broken away at a point about midway 
from the ends, in order that temperatures might be observed at 
this point. 

The detailed dimensions of the samples were as follows: 


Lead-covered cable: 1,500,000 cir. mils; conductor diameter 1.625 in. 
(41.3 mm.); sheath diameter, inner, 2.125 in. (54 mm.), outer 2.375 in. 
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(60.3 mm.); 190.1 ft. (57.94 m.) long. Braid-covered cable: 1,500,000 
cir. mils; 191.5 ft. (58.37 m.) long. 
Resistance at 23 deg. cent. 
Conductor of lead-covered cable = 7.58 & 1078 ohms per ft. (804.8 mm.) 
“ “ braid- “ “ = 7.43 x 1076 « “ e« 
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Measurements were made of induced volts in the sheath, cur- 
rent flowing in the sheath circuit when connected through an 
external conductor, and losses, and the results are shown in the 
accompanying curves, Figs. 1 to 7. The currents measured 
are probably maximum currents, or as high as may be expected 
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in practise, as the connections and external circuit were all of 


low resistance. _ ; : 

Fig. 2 shows the e.m.f. induced in the sheath, together with 
the impressed voltage on the conductor as primary volts. Fig. 1 
shows the current flowing in the sheath and external circuit, 


when the ends of the sheath are joined. 
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Fig. 4 shows the measured and calculated losses in the leaded 
and braided cables at 25 cycles. Comparison with the calculated 
I?R loss shows close agreement for the braid cable, within the 
accuracy of the measurements; the leaded cable, however,shows 
a materially greater loss than accounted for by calculated /?’R 
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with the sheath circuit open; this difference is apparently due 
to eddy currents in the sheath. 

Fig. 3 is an analysis of the secondary circuit losses at 25 cycles, 
that is, both the losses in the sheath itself and the losses in the 
conductor connecting the ends of the sheath, considering the 
sheath as a transformer secondary and the connection as an ex- 


| | | | | meas] TOTAL 62.5|~ 
ANALYSIS OF f 1 
sop SECONDARY CIRCUIT Losses [oe ebsites 
62.5 CYCLES 
25 ~ DATA ADDED FOR COMPARISON 
300 1 = | = 
7) 
S : 
< | a 
= 2 
20 es | SEC, IR TOTAL 62.5~ 
_7 _|MEAS. Toral 25 ~| 
4 SHEATH I? R 62.5|~ 
4 ie } ie Aas ees 
ral LE hg 
100 = = ee is SEOs I?-R-TOTAL-25-~ 
pice 4-7 SHEATH I? R 26~ 
Be ol 4 ExT. SEC. LOAD MEAS. 62,/5~ 
==sS SS aig: i nT R 62.5 (~ 
SE EAS = SS beSirs Spr a) Meee ie 
0 —= = — eS eee ee len (ea Ces 
0 
Fic. 5 


ll 


62.577 
MEAS. LOSS, LEADED CABLE 
ide ez wl laine 


eae 


Z 29~ 
EAS, LOSS, LEADED CABLE 


ae ee het 
I | | 
TOTALALOSSES,/62.5 *CYCLES 

25 ~ DATA ADDED FOR COMPARISON 


S| | | 


2 400 ———+ SHEAT-H-CIRCUIT{CLOSED 
6215 ~ 

B MEAS. LOSS, LEADED CABLE 
= SHEATH-Cl ROUJT-OPEt 

cALc.12|R, COND'R. OF 

piel LEADED CABLE 
| 
0 
0 100 200 300 400 
PRIMARY AMPERES (IN CONDUCTOR) 
Fic. 6 


ternal load upon this secondary. It will be seen that the 
measured power in the external load agrees fairly with the cal- 
culated I2R, probably within the accuracy of the measurements; 
the net loss in the sheath, however, is nearly twice the calculated 
PR. It was not possible, with the available facilities, further to 
analyze this loss, and we are unable to state whether it is due to 


increased eddy currents, or not. 
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Fig. 6 shows the measured and calculated losses in the leaded 
and braided cables at 62.5 cycles. As in the 25-cycle test, 
the loss in the braided cable is substantially the same as the 
I?R, while the leaded cable shows an excess over J?R, more 
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marked than at 25 cycles, and probably due to eddy currents 
in the sheath. The 62.5-cycle test could only be carried up to 
about 400 amperes on account of limited supply, and for that 
reason some of the more important 25-cycle values are re- 
plotted in Fig. 6 and also in Fig. 5, for comparison. 


CONDUCTORS 
COV. CABLE EMP. BY RESIS, 


ic) 
—} 


) BRAID CABLE 


or 
So. 


2 
=. 


TEMPERATURE, DEG. CENT. 
— 
So 


"| TEMPERATURE TEST 
1840 AMPERES, 25 CYCLES 


2 
HOURS 
Fic. 8 


_ Fig. 5 is similar to Fig. 3, and is an analysis of the secondary 
circuit losses at 62.5 cycles. The excess of measured loss over 
I?R for the sheath is shown here, as in the 25-cycle test, the ratio 
being about the same, approximately two to one. 
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_ Asummary of the foregoing tests is shown in Fig. 7, giving the 
induced e.m.f. and losses per foot of sheath, for primary currents 
up to 1200 amperes. 

Temperature Tests. A temperature test was made by passing 
1340 amperes, 25 cycles, through these two cables in series, 
and observing the temperature of the outside of the cables 
until practically constant temperature was reached. The tem- 
perature of the conductors was also obtained, by resistance, at 
the end of the run. Throughout the test, the sheath circuit was 
closed and a current of 192 amperes flowed in the sheath. The 
results are given in Fig. 8. 

The resistance thermometers were in close contact with the - 
outer surface of the cables, at the breaks in the duct described 
above. The spirit thermometers were thrust down inside of the 
ducts, as far as they could be read. 

C. T. Mosman (by letter): The discussion has shown the 
possible need of emphasizing certain points in the paper in order 
that there may be no misunderstanding of the author’s ideas 
of its range of application. 

It is quite evident that the location, arrangement and loading 
of this duct system are such that to draw conclusions therefrom 
which will be applicable to the usual city installation would 
require considerable practical experience with underground 
systems and unusually good judgment. If it were necessary to 
carry 81 ducts under a city street and for any considerable 
distance, undoubtedly an attempt would be made to arrange 
these ducts in two or three separate sections, sufficiently sep- 
arated so that there might be an appreciable spacing of earth 
between the adjacent sections, thus enlarging the exterior 
radiating surface of the system and consequently its contact 
with the surrounding soil. This arrangement would be much 
superior to the idea suggested by Professor Puffer, of having a 
central air duct or space, which would serve little purpose in 
carrying off heat unless a definite circulation of air were main- 
tained, and even then it is doubtful if the arrangement would 
allow of as high carrying capacity per square foot of section as 
would be obtained by division of the ducts into separate sections. 

Apparently Mr. Elden has misunderstood the temperature 
limitations for the various types of insulation given at the top 
of the second page of the paper. The temperatures there given 
are the total temperatures in deg. cent., not temperature rise, 
and hence are apparently still more at variance with Mr. Elden’s 
ideas. The temperatures given by Mr. Elden are extremely 
interesting, but it should be noted that they are the temperature 
rises presumably in deg. cent. of the cable sheath at the manhole 
above the temperature of the air in the manhole. A reference 
to Figs. 12 and 15 indicates that there may be considerable 
difference between these terminal temperatures and the temper- 
atures obtaining at some other point in the duct, Fig. 15 in- 
dicating a difference of 28 deg. It should also be borne in mind 
that some of the cables referred to by Mr. Elden are insulated for 
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high potential, and hence that a very appreciable allowance must 
be made for the fall of temperature through the insulation, and 
thus it is safe to assume that if a temperature rise of 30 deg. 
‘is obtained at the manhole with the air temperature at 25, or 
a total temperature on the cable sheath of 55 deg. cent., the tem- 
perature of the copper at some point in the duct may be easily 
in the neighborhood of 100 deg. cent. Cables might operate 
at such a temperature for a considerable number of years before 
giving evidence of deterioration. At the same time it does not 
seem to the speaker that such operation should be considered 
good practise. 

The bonding recommendations made in the paper are sug- 
gested as applicable only to the particular installation under 
consideration, or other very similar installations, and are by 
no means considered applicable to street service. It should 
be kept clearly in mind that the cables under consideration in 
this paper are single-conductor, lead-covered, carrying fairly 
large currents and hence in no wise comparable with the triple- 
conductor cable, which would generally be used for carrying 
three-phase currents in a city system. 

In the London Electrician of September 2, 1905, appeared 
an article by Mr. Mcrris showing that in a triple-conductor cable 
with insulation between wires of 0.35 in. (8.89 mm.), and a }-in. 
(3.175-mm.) lead sheath, carrying 50 amreres at 60 cycles, the 
energy loss in tke lead sheath was but 0.3 per cent of the 
copper loss in the cable, thus indicating that for a triple-conduc- 
tor cable in a tile or fibre conduit the sheath loss may be neg- 
lected. For the same cable in an iron pipe the sheath loss 
would be increased about 75 per cent. Fig. 23, curve 2, in 
the author’s-paper indicates that with the single-conductor 
cable carrying 450 amperes, a sheath current of 75 amperes 
might be expected, this test being made at 40 cycles, the sheath 
current being in this case about 16 per cent of the current in 
the cable. 

In the London Electrician of April 15, 1905, is an article by 
Mr. Field stating that in the case of two cables 12 in. (305 mm.) 
apart and carrying 200 amperes at 60 cycles, a sheath current of 
64.5 amperes was obtained, the sheath current hence being 
32 per cent of the current carried by the cable. If proper cor- 
rections are made for the difference in frequency and for the diff- 
erence in the thickness of the lead sheath and the amount of 
current carried by the cable, I think it will be found that the 
sheath currents given in the paper are in reasonable agreement. 

The limiting capacity of the cables in a duct system should be 
dependent upon the exterior perimeter of the total conduit sec- 
tion, again indicating the desirability of sectionalizing a large 
system. The 9 by 9 section under consideration, operating at 
2 watts per duct foot (1 ft.=304.8 mm) or 62 watts per 
conduit foot, has outside dimensions of approximately 4 by 
4.5 ft. (1.2 by 1.837 m.), or a total perimeter of 17 ft. (5.18 
m.). If the radiating surface of the top of the system is neg- 
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lected, there results a perimeter of 13.5 ft. (4.115 m.), hence the 
radiation must be 12 watts per sq. ft. (0.0929 sq. m.) of radiating 
surface. From 6 to 12 sq. ft. of radiating surface, neg- 
lecting the area of the top, may be considered good prac- 
tise in the case of manholes containing transformers or other 
devices giving off considerable heat; the proper limit, of course, 
depending greatly upon the condition of the surrounding soil, 
particularly with regard to dampness; hence on this basis the 
limit of 2.5 watts per duct foot would again appear reasonable. 

Professor Puffer has suggested the flooding of the duct system 
with water in order to increase its capacity. This was one of the 
first ideas that occurred to us, but it was discarded as not prac- 
tical. There is no doubt that by this means the capacity of 
the duct system might be enormously increased, particularly if 
the water were circulated. The risk of puncture of the cables 
due to small holes in the lead, the increase of sheath currents, 
the probability of the lead being subject to chemical action and 
electrolysis due to impurities contained in the water, and the 
inconvenience of emptying the system to make it possible to in- 
spect or work upon the cables, and the fact that a portion of the 
duct system is above the basement floor of a building, are all 
strong arguments against such an arrangement. 

The tests forming the basis of this paper were carried out, by 
Mr. William Clark, who was sent to the plant with very broad in- 
structions to obtain data in the best way available. The work 
was done in the winter and involved very serious discomfort, 
and many unexpected difficulties were encountered. The 
working up of the data required something like 100 curve sheets. 
Mr. Clark was assisted in the carrying on of the tests by Mr. 
George A. Burnham and Mr. S. C. Coye. 

Mr. Clark has already covered Professor Puffer’s inquiry with 
reference to the testing of the iron wire. It should be borne 
in mind that no duct contained both an iron wire and a lead 
cable, and it should also be borne in mind that the principal and 
most interesting data were obtained by the use of a test coil which 
could be placed in any desired position in a duct, in this case the 
iron wire simply serving to produce heat. 

Ralph H. Rice (communicated after adjournment): In con- 
nection with Mr. Mosman’s paper I would like to call attention 
to the current-carrying capacity allowed by the Board of Super- 
vising Engineers, Chicago Traction. It is shown in the following 


table: 


Rubber-insulated Paper-insulated Triple braided 
lead-covered lead-covered weatherproof 
1 000,000-cir. mil cable : 
AM PeTeSs. = es oats + 800 1,000 1250 
500,000-cir. mil cable 
ATNPSTES siren le heal 500 600 625 
350,000-cir. mil cable 
amperes.......... 375 425 325 
4/0 cable, amperes...... — —_— 325 
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It will be seen that this carrying capacity is much more liberal 

than that indicated on the next to the last page of Mr. Mosman’s 
aper. 

z We have found no trouble as yet with any of our cables which 

can be traced to overheating. In explanation of this, two things 

might be pointed out: 

First.—That the duct lines in which these cables are placed are 
situated in trenches in the ground and not in the basement of a 
building, as the cables under test. 

Second.—Mr. Mosman has tested cables in a conduit section, 
9 by 9 ducts. It is the practise of the railway companies in 
Chicago to restrict the conduit section to a much smaller number 
of ducts than this. The largest duct section ordinarily used when 
unprotected by concrete or earth walls is 12 ducts. When we 
have 16 ducts, or over, the section is broken by a 4-in. (10-cm.) 
vertical concrete wall, so that in any one compartment there 
are not more than 12 ducts. 

R. W. Atkinson (communicated after adjournment): Mr. 
Mosman’s paper is of very great value in showing limiting carry- 
ing capacity in such an unusually large duct system. The writer 
will confine his discussion largely to two subjects covered by the 
author. He expects to show that the heat conduction length- 
wise along the copper and lead is far less important than seems 
to have been assumed by the author. We are presenting data 
from which may be calculated the current which will be induced 
in the lead sheath of single-conductor cables carrying alternating 
current. Also data are given showing the amount of voltage 
induced when the sheaths are insulated from each other so as 
to prevent the current flowing. The energy loss due to the sheath 
current is very important in many cases (as for instance that 
described by the author), but the dangers due to the induced 
voltages may be even much more serious. 

In several places, the author explained some of the results ob- 
tained on the assumption ‘‘that considerable of the heat gen- 
erated in the test wires must have been dissipated by the cables 
operating at low loads.” (See pages 761 and 770, this volume.) 
Also on page 766, he says ‘‘ the lead sheaths of these cables pre- 
sumably conducted heat to the end of the ducts and dissipated 
it to the air in the manholes.’’ The writer has made calculations 
showing that the influence of the lengthwise heat conduction 
is negligible as regards either the average temperature or the 
maximum temperature. We find in handbooks the heat con- 
ductivity of copper given as 0.72 g-cal. per deg. cent. per cm. 
cube. The conductivity of lead is approximately one-eighth as 
much. For copper, we may put these data in the form 2.01 
10° thermal ohms (deg. per watt) per mil foot. That is, the 
heat resistance of 1 ft. (304.8 mm.) of 1,000,000-cir. mil cable 
is 2.01 thermal ohms, or a heat current of 1 watt will flow length- 
wise when there is a difference of temperature between the ends 
of 2.01 deg. cent. From the dimensions of the cable given, we 
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compute a cross-section area of the lead equal to 760,000 cir. 
mils. In heat conductivity, this is approximately equivalent 
to 95,000 cir. mils of copper. Mr. Mosman found the point of 
maximum temperature as near as 14 ft. (4.8 m.) from one of the 
manholes. We will make the following very rough assumptions, 
for an approximate calculation. From Fig. 5, test No. 1, 
28 deg. cent. is considerably more than the difference in tempera- 
ture between any test wire and the lead sheath of the cable at 
the mouth of the duct in the manhole. For convenience, we 
will take the resistance of the cable as two ohms per ft. (304.8 
mm.) (on the assumption that both lead and copper are available 
for heat conduction, the resistance is about 10 per cent less than 
this). Assume that there is no heat conduction along this cable 
from a greater distance than 14 ft. (4.3 m.). Assume that over 
the 14 ft. a total of two watts is delivered from the test wire 
to the unloaded cable. Assume that an equal amount is con- 
tributed by each foot of the length, so that 2/14 of a watt is con- 
tributed by each foot length. The heat flow, then, in the cable at 
the duct’s mouth will be two watts, and one foot away will be de- 
creased by 2/14 watt, and so on. Two watts heat flow will re- 
quire a difference of temperature of 4 deg. per foot. The grad- 
ient will be gradually reduced until it reaches zero at 14 ft. 
Accordingly the total temperature difference will be 14 times the 
average gradient, or 28 deg. cent. Then if our assumptions are 
true, 2/14 watt of the two watts generated per foot in the test 
wire could be carried away by a single unloaded cable. This is 
only 1/14 or about seven per cent of the total heat generated 
and would be expected to make about that per cent difference 
in the temperature. Even this amount is very small as compared 
_to the difference expected to be accounted for in this manner. 
However, our assumptions have very greatly magnified this effect. 
It will be noted that the difference in temperature between the 
test wire and the cable is 28 deg. cent. at the duct mouth, and is 
2/14 of a degree at the 14 ft. point. We have assumed that there 
is 2/14 watt flowing from the test wire to the cable at each point. 
It is very obvious that however good or however poor the inter- 
vening duct walls are as heat conductors, many times as much 
heat will be carried to the cable from the one-ft. portion near 
the duct’s mouth as is carried to it from the one-ft. portion near 
the 14-ft. mark. More careful calculation along the lines 
suggested (preferably by the use of calculus) shows that the max- 
imum temperature can be affected by but a small fraction of one 
percent. On the assumption that the heat conductivity between 
the test wire and the cable is very high, about 4.5 watts might be 
dissipated instead of 2, at each end of the cable. This is slightly 
over three per cent of the 280 watts dissipated by the test wire, 
and indicates a possible maximum effect upon the average tem- 
perature. A calculation similar to the above would have con- 
vinced Mr. Mosman that he need fear no errors in his results due 


to this effect. 


806 UNDERGROUND CONDUITS {May 15 


The writer has given some attention to the subject of induced 
current and voltage in armored and lead-covered cables. In 
a paper by H. W. Fisher* a method of calculation is given, which 
was developed by the writer. These data are now presented in 
more concrete form. Referring to Figs. 9 and 10, it will be seen 
that the voltage induced depends upon the frequency, the dis- 
tance apart of the cables, and the diameter of the lead sheath. 
The voltage induced for either 25 or 60 cycles may be read di- 
rectly from thecurves. These data areshown much more readily, 
as we have done, on logarithmic paper. The current which is 
induced when the lead circuit is completed is shown for several 
sizes of lead sheath at both frequencies. Intermediate values 
may be interpolated fairly closely or may be calculated by the 
method below. 
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The curves V in Figs. 9 and 10 give either reactance against 
neutral per 1000 ft. (304.8 m.) of cable, or voltage induced per 
ampere in the conductor at 60 cycles and at 25 cycles. The 
formulas for calculating this reactance are 


X = 0.05295 log 2 , for 60 cycles 


X = 0.02207 log 2 a for 25 cycles 


The voltage induced = IX, where J is the current in the con- 
ductor. 


*TRANSACTIONS A.I.E.E., 1909, XXVIII, II, p. 759. 
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The current induced in the sheath when the circuit is closed 


xX : 
equals VBR where FR is the resistance per 1000 ft. of the 


lead pipe.” (The resistance at 100 deg. fahr. (38 deg. cent.) 
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Fics. 9 AND 10 
INDUCED VOLTAGES AND CURRENTS IN LEAD SHEATHS 


Curve ‘V"’ gives the volts to ground on the lead sheath per 1000 ft. per ampere 
flowing in the conductor. For three-phase circuits the voltage between sheaths equals 
1.73 times the value on the curve, or twice this value for single- or two-phase circuits. 

Curves A, B, C and D represent the current induced in the lead sheaths when they 
are connected at the ends. 1/8 in. (3.175 mm.) thickness of lead has been assumed. 
Current is given in per cent of conductor current. 

Curve A for 3. in. (76.2 mm.) mean diameter of sheath 


“« B “« 2 “ (50.8 « ) “ «4 “« “ 
“ re: ory 5. 8 (38.1 « ) “ a “« “ 
“« ja) “1 « (25.4 “ ) « “ “ “« 


If thickness of sheath is other than 1/8 in., use a diameter for calculation which, with 
1/8 in. thickness, will have the same cross-section of lead as has the sheath under consider- 
ation. Where the sheath is less than 1 in. in diameter, the current flowing may be taken 
as approximately proportional to the cross-section of lead. 

Power Lost.—If P equals per cent of sheath current in terms of conductor current, 
add to the conductor resistance (P/100)” 0.25/d, d being average sheath diameter. 0.25 
is the resistance per 1000 ft. of 1-in. pipe ‘average diam.), 1/8 in. in thickness. If the 
thickness is other than 1/8 in., the energy lost is of course inversely proportional to the 
thickness for a given current. 


of a lead pipe having an average diameter of one in. (25.4 mm.) 
and a thickness of lead of 4 in. (8.175 mm.), is ohm per 1000 
ft.) Average diameter refers to the average of the internal and 
external diameters. 


808 . UNDERGROUND CONDUITS [May 15 


Example.—We take the following data from the paper of the 
author—Outside diameter of cable 1.65 in.; thickness of lead 
0.125 in.; average diameter of lead 1.52 in.; resistance of lead 
sheath 0.182 ohms per 1000 ft.; distance between centers of 
cable (probably) 4 to 5 in.; frequency 40 cycles. We have, 


then, 2 is 2.63 to 3.28. From curve V, Fig. 10 of this discus- 

sion, we find that the reactance at 25 cycles is therefore from 0.019 

to 0.0212 ohms per 1000 ft.; the reactance at 40 cycles is then 
40 


about 0.020 x 25 = 0.032. The current in the lead sheath is 


SS I = 0.173 I, that is, 17.3 per cent of the 


en 3 
V0.1822 + 0.032? 


current in the conductor. Mr. Mosman gives for the cables in the 
ducts under these conditions, 16.5 per cent (test No. 2, Fig. 23.). 

Mr. Mosman finds, in another test, 33 per cent as much current 
in the sheath asin the conductor, after making allowance for resist- 
ance of bonds. He has made the correction as though for direct 
current. This is approximately correct, as the reactance is rela- 
tively small even in this case. Hence, there will be no error 
introduced if we assume the reactance voltage to be in proportion 
to the current produced, that is, that there is approximately 
1.9 times the voltage in this case as in the former case. At 25 
cycles, this would be 0.020 X 0.19, or 0.038 ohms per 1000 ft. 
From the same curve, we find that this reactance is obtained 


when f is approximately 26. The separation between the 
centers of the cable in this test must have been approximately 
1.52 in. X 26 = 40 in. (102 cm.). We have worked backwards 
purposely in this case, as the separation is not given in the report 
of this test, and cannot be deduced from the probable dimensions 
of the system as in the other case. We would not expect a close 
agreement, but one only roughly approximate, between this cal- 
culated value and the distance actually obtained in the test, 
since a very small difference in the value of the induced current 
found would make a very large change in this calculated value. 
Conversely, when it is desired to know the current which will 
flow, it is unnecessary to know accurately the distance between 
centers, as a considerable change in distance can be made with 
comparatively slight effect upon current produced. 

We have presented the data with two-fold purpose, first, to 
make available a ready method of pre-determining conditions 
which will exist. The second reason is because we consider the 
unqualified recommendation to insulate the sheath of single- 
conductor alternating-current cables in order to prevent sheath 
current, an exceedingly dangerous one. Moreover, we believe 
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that the lead sheath should be solidly grounded at some point 
instead of through a resistance. Otherwise, unless the station 
is of very limited output, an accidental ground on any of the 
cables means full station voltage impressed upon the entire sheath 
of the cable in question. Under the specific conditions men- 
tioned in the paper, this would mean full station voltage upon 
all cables of one phase. Under these conditions, it is very im- 
probable that the first ground produced would be the only one 
upon the system. It would be quite possible for arcs at different 
points to melt holes in the sheath and burn through the insula- 
tion to the conductors. 

When sheaths are insulated the normal voltage to ground will 
be something of no mean value; as calculated above, the reac- 
tance per 1000 ft. (804.8 m.) is 0.032 ohms. With 500 amperes 
flowing in the conductor, this means a voltage to ground of 16 
per 1000 ft. The voltage between cables of the opposite phase 
would be about 30 volts. If this were the maximum value en- 
countered, it might not be serious and might cause no damage, 
if the means of insulation described by Mr. Mosman were in use. 

However, we may have excessive sheath voltages induced if 
a short circuit occurs in the substation at the end of a cable, with- 
out any failure whatever on the part of the cable itself. If the 
voltage is maintained at the power house during a short circuit, 
during the maintenance of the short circuit, there will be induced 
in the cable sheath a difference of potential nearly equal to the 
power house voltage. For example—the reactance at 40 cycles 
of a circuit consisting of two 1,000,000-cir. mil cables 1000 ft. 
long, at 4-in. (102-mm.) centers, is 0.067 ohms at 40 cycles. The 
resistance. is 0.02 ohms, and resulting impedance 0.07 ohms. 
If the station voltage is 1000 volts and is maintained, more than 
14,000 amperes will flow in short circuit. The reactance of 
lead sheath will be, for the 2000 ft. (609.6 m.), approximately 
0.06 ohms. This multiplied, by the short circuit current, gives 
more than 850 volts. The damage which might be occasioned 
by the presence of such a voltage can still better be imagined 
when it is noted that the current which can flow if the oppor- 
tunity is given, is a very considerable percentage of the short- 
circuit current flowing in the cable, in this case about 2500 
amperes. It may be taken as a general rule, that, regardless of 
other conditions, where the lead sheaths are insulated from each 
other when a short circuit occurs at the end of the cable, a very 
considerable percentage of the cable voltage will be induced be- 
tween the lead sheaths. This is both dangerous to the cables 
themselves and to the life of anyone approaching the sup- 
posedly grounded lead sheath. 
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COMPRESSION CHAMBER _LIGHTNING ARRESTER 
AND THE PROTECTION OF DISTRIBUTION 
CIRCUITS 


BY E- E. BP. CREIGHTON AND F. R. SHAVOR 


The object of this paper is to describe a new form of lightning 
arrester in which the attainment of low cost was the principal 
motive of the design, and to note the improvement the applica- 
tion of this arrester will have on the methods and efficiencies of 
protection of distribution circuits. This is the first step toward 
the complete solution of the problem of discontinuity of service 
and injury of transformers due to lightning. This is to be the 
subject of continuous study until the desirable condition is 
reached. The end seems already in view, although not all of 
the material is sufficiently completed to be made a part of this 
paper. 

During the past few years relatively little experimental work 
has been devoted to the multigap lightning arrester. Even now 
after much further experimentation no principle stated then is 
rendered questionable. One new feature in the operation of 
the arrester has been added. If there is apparently a partial or 
temporary recession of practise previously laid down it comes 
entirely from the desire to lower costs, and other changes are 
made to minimize the effect of the recession. 

There has been a demand for years for an inexpensive arrester 
for the protection of small installations where the revenue from, 
and cost of the installation would not justify the expenditure 
for the best arrester. 

Furthermore, the best practise in protecting 2300-volt pole 
transformers absolutely demands that the arrester be placed on the 
same pole with the transformer. To fulfill this condition an 
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inexpensive arrester is necessary. The practise of placing three 
or four arresters per mile, regardless of the location of the trans- 
formers, is ineffective. Experience shows that lightning poten- 
tials are very much concentrated, and an arrester placed even 
at the distance of an adjacent pole from a transformer may be ren- 
dered unprotective. This is a condition which can be produced 
in the laboratory experiments. 


CONSTRUCTION OF THE COM- a 
PRESSION CHAMBER ARRESTER 


TERMINAL 
The compression chamber ar- 
rester is a particular design of 
the well-known multigap arres- 
ter. The cost of this arrester has 
been reduced principally by 
making it self-housed. The other 
standard design of multigap ar- 
rester was made for indoor work, 
and when used outdoors requires 
a wooden box for housing it. 
This wooden box is comparable 
in expense to the arrester itself. 
Fig. 1 shows the arrangement 
of the parts of the compression 
chamber arrester. Fig. 2 shows 
the assembled arrester and Fig. 
3 the disassembled parts. On 
the outside, Fig. 1, there is a por- 
celain base with four screw holes 
to connect it to a cross-arm. 
Immediately inside of this base 
are the antennae. The antennae 
vary in form in different arres- 
ters, but in this case they consist 
of two metal strips in the form of a U that fit inside of the holder 
or base. Inside of these antenne is placed a straight porcelain 
tube. The porcelain tube is held in place by insulating cement. 
Inside the porcelain tube the gap units are placed. Each gap 
unit consists of two punched metal hats of special alloy. The 
crowns of these hats are turned so they face each other, and 
both crowns are knurled. Between the rims of the two metal 
hats there is a short porcelain tube which holds the crowns of the 
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metal hats about 1/32 in. (0.8 mm.) apart. These gap units are 
stacked one on top of the other inside the porcelain tube 
between the arms of the antenne. On top of the gap units is 
placed a resistance rod of low ohmic value. The gap units and 
resistance rods fill the long porcelain tube. On top of the resist- 
ance rod a spring contact is made, and a porcelain cap is fitted 
over the end of the tube and cemented there. Through the 
porcelain cap the connecting wire projects. The ground con- 
nection is a wire which passes through the bottom of the base 
and is connected to the antenne as well as the lower gap unit. 
The arrester is hermetically sealed so that no dust, dirt, or 
moisture can get inside. 


CHARACTERISTICS OF THE ARRESTER 


The arrester required thousands of actual tests to determine 
its characteristics and choose the proper values of the factors 
involved. Some idea of this work and the methods is given at 
the end of this paper in a condensed form. At the present time 
it is desired only to review its distinctive characteristics, such as 
the series resistance, gap units, spark potential, short-circuit con- 
ditions, endurance under rapid strokes, life of the arrester, tests 
of arresters for protecting transformers, etc. 

Series Resistance. Some years ago a complete development 
was made of a multigap arrester in which the series resistance 
was shunted by gaps. This feature has proved of very great 
value for heavy discharges of lightning. There is no possible 
doubt that when a heavy discharge of lightning is thrown on the 
arrester, the ohmic drop of potential in a series resistance is 
objectionable. Therefore, it is necessary to justify the abandon- 
ment of this valuable principle in one form of this new arrester. 

Compression chamber arresters are not designed for the pro- 
tection of valuable station apparatus where the maximum 
possible protective value is essential to the continuity of service. 
But the arrester is designed especially to protect small trans- 
formers where the cost is comparatively slight. The arrester, 
therefore, must have a cost that is compatible with the cost of 
the small transformer. At the same time the arrester must 
maintain a very high degree of protection. Due to the high 
factor of safety in the insulation in the design of distribution 
transformers, this is made possible in the cheap arrester. 
Due to the effect of the antenne in this arrester, which will be 
described later, it is possible to use more than the usual number 
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of gaps in series. In consequence, the resistance in series with 
the gaps may be kept at a very low value. The average value 
of this resistance is 23 ohms. The discharge current to ground 
per phase will be equal to the lightning potential divided by 23 
ohms. 

The next question is, what is the limit of the safe value of 
lightning potential which can be applied to the transformer? 
The high factor of safety, 7.e., five, given to the insulation of these 
transformers, as compared to the usual factor of 2.5, is the 
element which gives justification, as will be shown, to the use of 
series resistance. All these transformers are tested for one 
minute to a potential of 10,000 volts. Therefore, momentarily, 
they will stand a very much higher potential. This higher value 
for the momentary application is unknown, but 15,000 volts is 
surely a safe value to assume. With a lightning stroke of 15,000 
volts at the terminal of the arrester, the discharge rate of the 
arrester will be 15,000 divided by 23, which is approximately 
650 amperes. In other words, this arrester applied to this par- 
ticular transformer has a discharge rate of 650 amperes before 
the lightning potential reaches a dangerous zone. From both 
theory and practise, this value seems to be sufficient. In the 
aluminum arrester the design is made such as to give this dis- 
charge rate of current at double potential. 

The Antenne. Turning next to the subject of spark poten- 
tial, we have known for years that an antenna placed near 
a multigap arrester always reduces this spark potential. In 
fact, any ground surface in the neighborhood of ‘the arrester 
will produce this effect. It was one of the difficulties we had to 
contend with in the design. An arrester designed to be placed 
very near a connecting wall would sometimes have such a low 
spark potential as to require more gaps placed in series. On 
account of the particular conditions of the design of the standard 
multigap arrester, it was not found feasible to utilize the anten- 
nz. However, with the form of insulation in the compression 
chamber arrester the antenne can be easily applied. 

In theory the antennze make the arrester more sensitive 
by* increasing the electrostatic capacity of each electrode to 
ground, while the electrostatic capacity to the adjacent electrodes 
remains constant. This theory was given by Dr. Steinmetz 
in 1906. 

The use of the antenne gives, first of all, uniformity in the 
spark potential regardless of the surroundings. In the next 
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place, the use of the antennz reduces the spark potential of the 
series of gaps used in this arrester, to exactly one-half of the 
potential without the antenne. This permits the use of twice as 
many gaps as would otherwise be possible. Each gap has the 
function of extinguishing the arc of acertain potential applied to 
it. Therefore, when the number of gaps is doubled, the arc- 
extinguishing power of the arrester is greatly magnified. 

Characteristics of the Gap Unit. Each gap is enclosed in a 
sealed chamber, and any expansion of gases in that chamber 
will cause an increase in pressure, which, as is well known, tends 
to extinguish an arc. Furthermore, the porcelain tube which 
encloses the gap has its cooling surface in close proximity to the 
arc. The cooling effect of this porcelain surface is demonstrated 
by the grayish deposit which takes place after the arrester has 
discharged many thousands of times. 

The spark potential of this arrester can be set at any desired 
value. The most desirable value seems to be about 0.7 of the 
value of the potential at which the transformer insulation is 
tested. This spark potential is apparently safe for the trans- 
former, and at the same time it is sufficiently far above the poten- 
tial of the recurring type of internal surges as to make the arres- 
ter safe from destruction by these surges. In other words, the 
arrester is designed for lightning and only such internal surges as 
reach a dangerously high value. For the general protection against . 
internal surges on a 2300-volt system it is better to trust to one 
aluminum arrester situated in a station. The aluminum arrester 
can have a spark potential as low as one-fourth and even one- 
fifth the tested potential of the transformers and still be safely 
operated on 2300 volts. It will be seen that by following this 
practise the compression chamber arrester will be called on to 
carry successive discharges very rarely. As to successive light- 
ning discharges, the compression chamber arrester is designed 
sufficiently strong to withstand many more successive discharges 
than ever take place. This is explained later. 

Short-Circuit Conditions. It is therefore necessary to take 
precautions only to arrange to clear the line of the arrester in 
case some extraordinary condition shall arise, such as a direct 
stroke or a cross with some high-tension circuit, or any unforeseen 
condition which produces a continuous discharge in the arrester. 
This is accomplished by the breaking of the porcelain tube from 
the heat given out by the resistance rod. Each resistance 
rod has a certain capacity for absorbing heat. Since the amount 
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of energy concentrated in a resistance rod is very great as 
compared with its radiating surface, the rod will heat so rapidly 
that one hardly needs to consider the radiation as a factor ina 
lightning arrester rod. If the discharges are practically con- 
tinuous the rod will quickly heat to incandescence, and will crack 
off the tube. The cap will then dangle from the wire but the 
line will be free of short circuits. Inspection, then, of the light- 
ning arrester will consist simply in visual observation from the 
bottom of the pole. Since the resistance rod is the weakest 
spot in the arrester, one may conclude that if the arrester is 
not broken, it isin good condition. Still further proof of this 
will be given later. 

Endurance of the Arrester to Withstand Rapid Strokes. In 
order to determine the strength of the arrester to withstand 
rapid successive discharges, an arrester had applied at its term- 
inals, 170 per cent of its dynamic potential. The discharges 
were made through the gaps by means of an induction coil. 
This induction coil was operated from a make-and-break contact 
which made thirty strokes per second. An oscillograph was 
placed in series with the arrester in order to measure the number 
of strokes applied to it. Forty-five strokes were applied during 
1.5 seconds without causing any damage to the arrester. The 
greatest known number of successive strokes from lightning in 
a second is shown by some photographs. This number is only 
a fraction of the number applied to the arrester. Tests made 
in connection with Mr. J. A. Clay on the Animas Water Power 
Company’s line, 1907, showed that nearly every stroke of light- 
ning consisted of a succession of discharges, and that the usual 
number lay in the range of 3 to 9. Sometimes these are dis- 
tributed over an entire second, but usually they occupied only a 
very small fraction of a second. As already stated, the limit of 
the number of discharges is set by the heating of the resistance 
rod. If the successive discharges are spread out with several 
seconds between, then the radiation from the resistance rod is 
sufficient to give the arrester a very long life for such discharges. 
The actual limit for one of these rods is 50,000 joules, which 
corresponds to the normal dynamic discharge current for 
z sec. on one type of resistance rod. 

Life of the Arrester. In order to determine whether it would 
be desirable to leave the arrester open at the top so that the gap 
units could be replaced after they had worn out, a number of 
life runs were made on the 2300-volt compression chamber 
arrester to determine how frequently such a change would need to 
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be made. The result showed that the life of the arrester was so 
great that it was entirely unnecessary to make any provisions 
for changing the gaps. For example, discharges were applied to 
the arrester with intervals of one minute between. These 
discharges were continued up to 9000. The arrester was tested 
with the oscillograph at about every 2000 discharges to determine 
its condition, and the spark potential was taken. Both these 
tests showed that the arrester was at all times of the run in as 
good a condition as at the beginning. The rectifying power of 
the gaps was the same, and the spark potential of the arrester, 
even after the 9000 discharges, remained constant. In other 
words, these discharges did not burn away sufficient metal from 
the surface of the electrodes to increase the spark potential, 
althoygh a dynamic potential of 70 per cent above normal was 
applied to the arrester. The insulation between electrodes, meas- 
ured by a ‘‘ megger,”’ was far above 2000 megohms—practically 
infinite. When a gap unit was split open a considerable deposit 
of soft grayish material was found on the walls of the chamber 
and around the gap, but this material was non-conducting. 


TESTS OF ARRESTERS PROTECTING TRANSFORMERS 


These tests were made in the laboratory with artificial lightning. 
An explanation is due at the outset that one cannot reproduce in 
the laboratory all the forms of lightning that occur from the 
elements, yet certain forms of laboratory tests along this line 
of endeavor are not to be despised. In this case we produced - 
an artificial lightning stroke at the terminals of the transformer, 
of sufficient strength to puncture the insulation between primary 
and secondary. All we can say of this lightning stroke is that it 
was of unusual strength as compared to the ones which ordi- 
narily occur on a 2300-volt line. A large number of transformers, 
both new and old, were available for testing the protective 
value of the lightning arrester. 

The following set of tests is illustrative of the statements 
regarding the protective value of the arrester. A 2300-volt 
transformer was placed in parallel with a lightning arrester and 
subjected to the discharges of artificial lightning. Three 
thousand discharges were made and no damage occurred to the 
transformer. The arrester was then removed and the trans- 
former punctured between primary and secondary on the very 
first discharge. The question next arose whether the trans- 
former had not been damaged by the 3000 discharges, so another 
transformer was placed in circuit without the lightning arrester. 
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The first discharge of artificial lightning punctured the trans- 
former between primary and secondary. Again, another trans- 
former with the same insulation was placed in parallel with a 
lightning arrester and subjected to successive discharges. After 
3500 discharges had passed, it was decided that no damage 
could be done to the transformer while protected by the arrester 
and the arrester was removed. Again, as before, on the very 
first discharge without protection, the transformer failed. 

These tests tell us that the lightning arrester will give protection 
against strokes that will damage the transformer. They do not 
tell us that the arrester will give protection against all strokes, 
since it is conceivable that a lightning stroke may have a rate of 
discharge such that an ohmic drop across the resistance rod might 
be sufficient to give a dangerous potential across the terminals of 
the transformer. On the other hand, to offset this possibility, 
there is always a limited spark potential around the bushing on 
the transformer and it is only necessary to make this spark po- 
tential somewhat lower than the spark potential between 


Fic. 4—RESISTANCE Rop, ASSEMBLED WITH BRAss RINGs. 


primary and secondary in order to minimize the dangers of even 
a direct stroke. 


PROTECTION AGAINST OHMIC DROP ALONG RESISTANCE 
Rops OF THE ARRESTER. By-PASSING THE RopD 


It is conceded that for this 2300-volt arrester the ohmic 
resistance in series with the arrester introduces an undesirable 
element when the current in the lightning stroke exceeds 650 
amperes. Dr. Steinmetz has shown that the discharge of a surge 
traveling along a line cannot exceed a certain value of current 
per volt due to the inherent inductance of the transmission 
line. These calculations give a considerable confidence that the 
currents in the lightning arrester circuit scarcely ever approach 
600 amperes. Long experience with the aluminum arrester 
with its 600 amperes discharge rate at double potential also shows 
that the lightning discharge which exceeds this value is exceed- 
ingly rare. These elements, taken together with the desire to 
keep the price of the arrester within a value compatible with the 
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price of a small transformer and the value of uninterrupted 
service, makes us adopt the design in the form shown in this paper. 

In order to meet the conditions of installation between the 
small pole transformer and the important apparatus in the power 
house, an intermediate solution of the problem is made by a com- 
promise between the standard graded shunt resistance type and 
the arrester just described. The resistance rod is by-passed by 
a set of multigaps consisting of brass rings placed around the rod. 
There is a small gap between adjacent rings. See Fig. 4. 
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Fic. 5—APPARATUS AND CONNECTIONS FOR LIGHTNING 
PROTECTION OF INDIVIDUAL TRANSFORMERS. 


RECOMMENDATIONS FOR THE INSTALLATION OF ARRESTERS 
FOR PROTECTING DISTRIBUTION TRANSFORMERS 


It seems desirable to include in this paper recommendations 
for the installation of the arresters. There are some features 
which are of primary importance, and others which have to be 
varied somewhat according to the local conditions. Fig. 5 
shows the installation of lightning arresters and 2300-volt trans- 
former on a pole for a non-grounded neutral circuit. The 
relative location of arresters and transformers may be varied to 
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suit the local conditions. Where a grounded neutral circuit is 
used, only one of these arresters is necessary, the arrester being 
connected directly across the transformer, and a small extra gap 
added between the neutral wire and the wire which runs down the 
pole to earth. The assumption is made in this case that the 
neutral wire is grounded only at the substation. Again, some 
difference will be found in the installation according to whether 
the practise of grounding the secondary is followed or not. The 
figure shows the connection where the secondary is grounded. If 
the conditions are the contrary, it is not intended to recommend 
the grounding of the secondary at the transformer in the manner 
shown. In fact, the secondary could in any case be grounded 
through a single unit gap. This gap is made up in the same way 
as the arrester already described, but it is not illustrated in this 
paper. Recommendations are reduced to a very brief form in 
the following list: 

1. Install lightning arresters on the same pole on which the 
transformer is placed. 

2. Install an arrester at every transformer. 

3. Make the connections from a line wire through the arrester 
to the transformer case, as short and direct as possible. 

4. In making the connections between the lightning arrester and 
the line, have the point of contact not vertically above the 
wooden crossarm or any connecting parts in the neighborhood. 
The idea in this precaution is to prevent trouble in the extreme 
case of damage to the arrester. For with a continuous discharge 
in the arrester, the resistance rod will finally heat and crack the 
porcelain. The cap will break loose and will dangle free of any 
possible persistent short circuit. 

_ §. Connect the arresters, in general, on the line side of the 
transformer fuses. 

6. Ground the transformer case by means of an iron or 
copper wire. Since the lightning arrester is grounded onto 
the case, the drop of potential down the pole along the ground 
Wire is of less consequence than in the former practise when the 
case was not grounded. Therefore, cheap telegraph wire can be 
used for the connection between the transformer case and the 
pipe-earth. 

7. If bare wire is used, it is recommended that in some cases 
a wooden strip be placed over the ground wire for a distance of 
about 7 ft. (2.1 m.) from the ground up. This addition is used 
to avoid danger of shock from the ground wire When a cross 
occurs between a primary and the ground. A cross continued 
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long enough sometimes dries out the earth connection. There 
are many cases and places where this is not necessary. Insulated 
wire may be substituted for the wooden strip. 

8. At some point part way up the pole place a clasp connector. 
This connector is to be opened by the lineman and the ends 
bent back, when he climbs the pole, in order to insulate the trans- 
former from ground by means of the intervening wood of the 
pole. 

9. If the practise is already followed of grounding the second- 
ary, then use either a small gap between the secondary and 
ground wire of the arrester or ground the case of the transformer 
directly on to the secondary through a connector. This con- 
nector is also to be opened by the lineman as a matter of safety 
when he is working around the transformer. 

10. For the earth connection in the usual soil, drive a one-in. 
(2.5 cm.) pipe in to a depth of six to nine ft. (1.8 to 2.7m.) A 
shallow hole should be scooped out at the surface of the ground 
and the top of the pipe driven below the surface. In unusual 
conditions of very dry, sandy, or gravelly soil, two ground pipes, 
six ft. (1.8 m.) apart, may be desirable. If the ground wire is 
protected from corrosion it can be carried directly to each of the 
pipes. A soldered joint on the pipe is desirable. 

11. The earth should be scooped out several inches below the 
soldered joint and several double handfuls of salt placed in this 
basin. It is desirable to add some water at the same time. The 
earth can then be filled in to the level. 

Due to varying conditions and tastes, the method of making 
the earth connection and the materials to be used can be left 
somewhat to the discretion of the one making the installation. 

The object is to have a pipe penetrate into the earth at some 
convenient distance greater than six ft. (1.8 m.), to have a con- 
nection between the grounding wire and the pipe earth which will 
not be corroded or pulled off, leaving a large gap, and to keep the 
salt solution away from the soldered joint as much as possible so 
as to prevent local corrosion at the joint. 

As a suggestion, it might be well to use No. 10 or No. 12 in- 
sulated wire from each pipe earth to the lower joint of the con- 
nector which is placed as a break in the vertical wire, and use 
iron wire from there up, the iron wire being stapled to the pole. 

It is very important to note in connection with this practise, 
which may seem less rigid in regard to grounding than has pre- 
viously been recommended, that the conditions are different, due 


_to the connection of the lightning arrester to the transformer case. 
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The drop of potential down the connecting wire on the pole and 
through the resistance of the earth connection is thereby rendered 
of comparatively little importance. 

In regard to the cost of the materials for this method of ground- 
ing, the galvanized iron telegraph wire, from the top of the pole 
to the pipe earth, will cost about 6 cents. The cost of plain iron 
pipe one in. (2.5 cm.) in diameter is about 4 cents per ft. There- 
fore, a pipe 8 ft. (2.4 m.) long would have a cost of 32 cents. The 
galvanized iron pipes cost one cent more per foot. 

It is difficult to see the need of using galvanized iron pipe be- 
cause the plain iron pipe will last for ten years at least. — 

By following the practise recommended above, the cost of instal- 
lation of the lightning arrester, including the cost of the ground 
wire earth pipes, is all reduced to a small fraction of the cost 
that was formerly found necessary. 


SoME DETAILS IN THE DEVELOPMENT OF THE LIGHTNING 
ARRESTER 

Compression Chamber Arrester for Higher Potentials. There 
is less demand for an arrester for potentials above 4000 volts 
grounded neutral. The same design is applicable, however, to 
the higher potentials. In certain isolated cases this arrester 
is applicable. Fig. 6, Plate XXXVI, shows the form of a com- 
pression chamber arrester for 10,000-volt circuits. 

Some Miscellaneous Notes and Tests. In former years it was 
thought that the design of a lightning arrester required a con- 
siderable degree of imagination. Little twists, points, capacities, 
and fantastic contrivances were placed in the path of the light- 
ning to confine it, and while it was all mixed up in its direc- 
tions it was to be slid off harmlessly to the ground. In reality 
the design of a lightning arrester is a relatively prosaic affair. 
Nothing is left to chance. A test can be devised to gain some 
knowledge of every factor. 

To give full details of the experimental determination of the 
factors involved in an arrester would, we fear, be of little interest 
to the members of the Institute. A brief statement of each 
step may be of interest to indicate the methods and care that 
are involved. This brief account follows: 

Tests were made to determine— 

1. If gaps enclosed by hollow cylindrical spacers, which determine a 
certain gap length between electrodes, will extinguish the dynamic arc 
without destroying the enclosing spacer. 

Tests were made using hollow cylindrical spacers of different lengths 
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and different inside diameters. Tests proved the arrangement to be 
practical and efficient. 

2. The minimum gap length permissible to prevent bridging of the 
gaps by molten metal thrown from the arc crater during discharge, 
under conditions noted in (1). (Standard lightning arrester electrode 
metal used in test.) 

3. The possibility of using punched sheet metal electrodes versus 
solid metal electrodes of like material for efficiency and durability. 

4. If discharge faces on the electrodes should be smooth or knurled. 

5. The material to be used for spacers. 

Many materials were tried, among which were fiber (treated and un- 
treated), hard rubber, glass and porcelain. 

6. Form and size of discharge face of the electrodes. 

7. Inside diameter of porcelain spacer to insure no assistance to dynamic 
arc in holding across the gap. 

8. Length of porcelain spacer to obviate any possibility of deposit from 
material thrown off by the arc form ng a conducting surface from one 
electrode to the other, thereby short-circuiting the gap. 

The length was determined at 17/32 in. (5.5 mm.). 9000 consecutive dis- 
charges on a 2300-volt circuit, using sealed gap units, failed to render the 
surface of the spacer conductive. . 

9. Leakage factor of porcelain spacer 17/32 in. (5.5 mm.) long. 

The leakage factor for this spacer as found by test on a 60-cycle circuit 
is 6350 volts, effective. — 

10. The value of resistance to be used in series with the gaps on a 2300- 
volt circuit. i 

A number of tests were made by varying the number of gaps from two 
to six, also varying the resistance from ten to one hundred ohms. 

A test was run using a minimum number of gaps (2) and a minimum 
amount of resistance (10 ohms). 

A typical test is shown by the use of three gaps with a 23-ohm resistance 
rod in series, all of which were enclosed in a porcelain tube. The arrester 
was sparked over by the use of a static machine. 

At the end of 100 discharges taken at intervals of five seconds the 
temperature rise of the tube above the air was 23 degrees cent. No 
damage was done to the arrester and no fuses were blown. 

11. The effect of water in the containing tube on the operation of the 
atrester. 

The tube was supported in a vertical position with the line end (top) 
open and only a small hole in the opposite, or ground end. The arrester 
was then connected across the 2300-volt circuit, using one strand of five- 
mil boker wire for a series fuse. The test was started using one drop of 
water every ten seconds and run for 70 minutes. 

Most of the water was evaporated. 

Boker wire changed for a 20-ampere fuse. Flow of water increased to one 
drop every 7 seconds, the arrester being subjected to a static discharge every 
* two minutes. Tests run 45 minutes; operation of the arrester was normal. 

Flow of water increased to 85 drops per minute and run for 15 minutes. 
No trouble developed. 

’ Flow of water increased to a tiny stream. Some steam given off. No 
fuses blown. Temperature of the tube 28 degrees cent above the air. 
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Flow of water increased to one pint per minute. No trouble developed. 
Temperature of tube decreased to 15 degrees cent. above the air. No 
fuses blown. 

Several porcelain spacers were soaked in water for two days. The 
effect on spark potential of the gap, using these spacers, was not material. 

12. The rectifying power of various metals and alloys in form of sheet 
metal electrodes, as now used in the arresters, and also in form of our 
standard lightning arrester cylinders. 

The amount of zinc volatilized during the life of the sheet metal elec- 
trodes is minute. Measurements were taken before and after 500 dis- 
charges, at 100-ampere discharge rate, applied to the gaps. The result 
was a gain of two milligrams in one electrode and a loss of 3 milligrams 
in a total of three others. This amount was too small to be accurately 
measured with the available balances. 

13. Many tests were made which can be mentioned only in a general 
way. Among them were: 

Tests to determine the length, size and form of the antenne. 

Tests to determine the equivalent needle-gap under various conditions, 
by use of the static machine; Tesla coil; induction coil; 60 cycles; quick 
break; direct impulse and lightning generator. 

Tests to determine per cent surge; per cent spark potential; etc 

Many oscillograms have been taken at critical points in different tests 
and on endurance runs. 

14. Curves were run to show the following: 

a. Minimum length of antenna to be used. Minimum length of 
antenna to give the maximum capacity effect was determined at 87.5 
per cent of the total length of number of gaps used. 

b. Spark-over potential of containing tube. Tube both wet and dry. 
Test made only to limits of 10,000-volt arrester (50 gaps). Antenna at 
87.5 per cent of length of gaps safe. Spark over potential to support 
when dry 100,000 volts. Spark-over potential to support when wet 
80,000 volts. Factor of safety is 8. 

c. Spark potential of gaps for high-voltage arresters; gaps varied: 
antenna 87.5 per cent total length of gaps. Fifty gaps spark over at 
21,000 volts at 60 cycles. 

d. Antenna surrounding containing tube versus 1/2in. (1.2cm.) strips 
on opposite sides. Antenna surrounding tube requires less spark poten- 
tial than 3 in. (1.2 cm.) strips. (6.4 per cent. less for 4 gaps to 6.8 per 
cent less for 50 gaps.) 

e. Spark potential using antenne versus no antenne. Removing the 
antenne raises the spark potential 100 per cent. 

f. Spark potential, with antenne, using single tube versus two tubes 
in series. Using two tubes in series raises the spark potential about 20 
per cent. Therefore, all the gaps for one leg of an arrester should be 
assembled in one tube if at all possible to so do. 

g. Spark potential tests: Antenne connected to grounded end versus 
antenne connected to line end of arrester. The antenne connected to * 
the line end of the arrester raise the spark potential of the arrester 
about 10 per cent for low voltages and from 15 to 20 per cent for higher 
voltages (10,000-volt arrester). 
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HUMAN ACCURACY: MULTI-RECORDER FOR 
LIGHTNING PHENOMENA AND SWITCHING 


BY E. E. F. CREIGHTON, H. E. NICHOLS AND P. E. HOSEGOOD 
The object of this paper is to describe a new instrument which 
will record the time, to the second, of a phenomenon of any kind 
that can be made to close an electrical contact. Besides record- 
ing whether a phenomenon is starting or stopping, a printed record 
is made of the day of the week, a.m. or p.m., the hour, minute, and 
second. The highest number of records put on a sheet by a 
single one of these instruments so far is thirty. The instrument 
is capable of recording a movement of all of its pencils or type 
wheels simultaneously, or the movement of any lesser number. 
Every record shows the position of every type wheel whether it 
moves or not. The instrument records only to the nearest second, 
but in case of successive discharges during a single second their 
relative precedence is noted by giving them successive prints of 
the same second. In this manner the recorder will split a 
second into about four parts. The manner of operation will be 
described later. 

The field for this device in theoretical and practical investiga- 
tions on transient electrical phenomena is immediately evident 
to those interested in this subject. The field in practical appli- 
cations of electricity is not so evident. It is thought, however, 
that this instrument falls in that class of devices for which 
there is no apparent demand before they appear but which 
become somewhat of a necessity afterwards. 

As electrical distribution in lighting, motive power, and rail- 
ways becomes more standardized and conventionalized there is 
an increasing demand for higher reliability from employees and an 
imperative need of knowing what the apparatus is doing, especially 
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during periods when accidents are taking place. So long as a 
plant or railway runs along smoothly, knowledge of simple routine 
duties is sufficient. During times of trouble there is an imme- 
diate demand for the highest knowledge and quick, accurate 
judgment. The man with such knowledge and judgment has 
demands on his time which put him out of reach when he is most 
needed at the scene of trouble. Grant that he has chosen his 
helpers well—that they are honest, loyal, and conscientious— 
still there is no guarantee that they will be able to meet the 
situation. There enters a psychological factor. What will a 
man do under stress and excitement? His conscientiousness 
may be the factor that inhibits quick and accurate action. After 
an accident to a power plant, how is an engineer to know whether 
the trouble was due to faulty manipulation of the switches or 
some unavoidable failures of the insulation? Too often a loeal- 
ized trouble is made into a general interruption by a mistaken 
operation of a switch. How can the reliable operators be 
picked out? Surely not by their good characteristics under 
normal conditions of emotion. 

Several personal experiences will be given to illustrate the 
fallibility of observation, especially during periods of mental or 
nervous stress, and the effects that the characteristics of the 
individual have in noting their observations. 

An example of disagreement in noting simple phenomena 
occurred in Colorado, 1907. Mr. F. W. Peek, Jr., and one of the 
writers were making studies of lightning effects in conjunction 
with Mr. John Clay, superintendent of the Animas Power and 
Water Company. A heavy lightning stroke started noisy arcs 
between some terminals and the ceiling, six feet above. There 
were two of these arcs, making twelve feet total length and 
absorbing the entire power of the plant. When the trouble 
started Mr. Clay was outside the building, Mr. Peek was in the 
third floor of the high-tension gallery, and one of the writers was 
on the main, ground floor. When thearc was finally put out by 
the hand manipulation of a faulty oil switch located on the 
third floor of the high-tension gallery Mr. Clay and the write? 
were in the gallery, and Mr. Peek was on the floor. Later, we 
compared notes of the sequence of events, such as the lightning 
stroke, the starting of the arc, the precipitate exit from the 
station of several linemen, the entrance of Mr. Clay, the dis- 
charge of lightning arresters, the opening of secondary switches 
and our own movements, up to the time the faulty high-tension 
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switch was opened by hand manipulation. They made three dis- 
tinct stories, each man positive of his impressions. There was no 
way of getting at the real truth. We feel weare trained observers, 
so surely men in power houses with less training could scar cely 
be censured for wrong impressions. It was extremely important 
to all of us that the are should be extinguished immediately so 
as not to damage the building. The nervous tension was, there- 
fore, unusually strong, although it could scarcely be said we 
were excited. 

This illustration calls to mind one recently used by a most 
eminent practical psychologist in a lecture on the psychology of 
evidence. A professor of law was giving a lecture to third-year 
students in law, when in the midst of the lecture two students 
got to quarrelling. Their voices rose in altercation and they 
finally came to blows. It was necessary finally to eject them 
from the class room. The situation was so important that the 
professor had each student write down immediately what he had 
seen and heard. These sheets of written evidence were collected 
and tabulations were made of their accuracy. The quarrel had 
been prearranged, and thoroughly rehearsed beforehand, so 
that the professor in charge had a record of every word spoken 
and of every act. In this case the absolute truth was known. 
This brought a remarkable condition to light. A majority of 
these men who were being trained for the law, were unable to 
give accurate evidence of what they had seen and heard. 
This inaccuracy is exhibited not merely in the matters of which 
the observer did not feel quite sure, but just as often in the 
details of which he felt quite sure. 

In some studies that were being made of multigap lightning 
arresters about six years ago one of the engineers from the light- 
ning arrester laboratory was stationed for purposes of study 
in a power house where two high-tension lines entered from 
one side. Along this wall were twelve compartments for the 
different phases of lightning arresters. This occupied the entire 
length of the room. A person stationed on the opposite side 
of the room could have all twelve compartments within the range 
of vision. During storms four compartments at each end of the 
room had arresters in them which were active. We received 
reports directly from the laboratory engineer which were note- 
worthy for their lack of detail. Through the manager of the 
plant: we received details of the di:charges on the arrester as taken 
by one of his best operators. In spite of pressure brought to 
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bear on the laboratory engineer, he could be positive of discharges 
only over the arrester at which he had been looking, whereas 
the station operator would describe minutely that discharges 
had passed over three or four of the different legs of the light- 
ning arrester, widely separated, and would designate which 
phases, and which lightning arresters. Later we had occasion to 
look into the matter and we thought at first there was a pos- 
sibility that this young man had unusual keenness of vision, and 
we feel quite sure he thought he saw what he wrote down. There 
was no attempt at deception. It was simply a matter of an 
imaginative mind. He had naturally an observing disposition 
and after he had made a short trip through the hills with his gun 
he would always have interesting stories of incidents of the trip. 
On one of his trips one of us attended. We found from his de- 
scriptions to others afterwards that the incidents were correct 
but the matter was highly colored by his naturally expansive 
imagination in associating a simple incident with details which 
did not actually occur. So far as investigations on lightning 
were concerned his evidence was worse than none at all, due to his 
peculiar characteristics of mind. His statements of lightning 
strokes and effects he had witnessed made interesting fiction, 
but these statements could not be used as a basis of an engineer- 
ing development. 

In another case an operator, likewise, gave an exceedingly 
readable account of everything which took place in the station, 
with records of the exact minutes of each incident, even during 
times of stress and interruption. These records gave to the 
reader the impression of great accuracy. I found on ques- 
tioning, however, that during these times of trouble he 
was occupied with telephoning, watching the lightning ar- 
resters and several various incidental things, and that the records 
were written up some time subsequently. He thought he re- 
membered the time intervals and could put them down accurately. 
In this case it was purely a matter of lack of training. 

The importance of the psychological aspect of the efficiency 
of men under trying conditions is appreciated by operating men, 
as evidenced by the fact that Professor Mutinsterberg has been 
asked to develop methods of examination for car motormen which 
will determine their reliability of action and weakness of judg- 
ment in avoiding accidents in their work. In a conference 
of railway men lasting two days it developed that some of the 
most reliable men under ordinary conditions, with many years 
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of experience and with trained judgment, have more accidents 
per year than even some of the raw recruits. There seems to be 
something that inhibits normal operation of the mind when 
suddenly called on to decide whether to apply the brakes, apply 
the reversal, or increase the speed. 

A valuable recording device was described at the annual 
meeting of the Institute last year. This device recorded the 
exact position of the synchroscope when generators were paralleled. 
It was reported that at first the men were very disgruntled at 
having an automatic apparatus used to check up their best 
endeavors. Later, however, this feeling passed away. 

If one is really to run a business, nothing should be left to 
chance or haphazard judgment. This statement involves 
the fundamental law of success in running any business or in 
filling any position of responsibility. Know what is going on. 
Itisaduty. In any standardized line of activity, if something 
goes wrong there is no excuse for the engineer. His profession is 
toknowand to foresee. Heis the guardian of the greatest propor- 
tion of the affairs of material things in the world. Since he has 
made a success of these affairs he is constantly being called on to 
extend his methods of exactitude to human affairs. Although 
there is no excuse, there may be an explanation for a calamity. 
There is no balm, however, to the unfortunate investor and 
stockholder in an explanation. It may be desirable to run a 
certain degree of risk in the possible loss of apparatus and income, 
but this risk must be run with the full understanding that it is 
more than counterbalanced by the interest on the investment 
that would otherwise be needed. Incidentally, a sinking fund 
should be provided to cover this risk the same as to cover inter- 
- est on an investment. 

The means of obtaining knowledge by the engineer is in no 
way of the nature of espionage. The case of the synchroscope, 
previously cited, is a good illustration. To avoid an interruption 
of supply of electricity to hundreds of thousands of users in 
Chicago, to say nothing of the cost of damage to apparatus, it is 
necessary to have a spare machine not only at the same frequency 
and potential as the other machines before closing the generator 
switch which connects it to the system, but it must also be in the 
same phase relation. On the part of the switchboard attend- 
ant there must be not only certainty of the position of the needle 
of the synchroscope but there must be knowledge of the time of 
mechanical motion of the switch and the lead or lag due to the 
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personal equation. The wisest man in the world must have 
some device or method in order to determine his personal equa- 
tion. Even the wisest man may have an unreliable personal 
equation for use in synchronizing alternators. It is the engi- 
neer’s affair to know this, to utilize the mental wisdom in its 
place, and also to train the man with manipulating ability. 
The engineers who devised the recording synchroscope state that 
it not only gave to the one responsible for the proper operation 
of the plant a reliable record, but it gave also to the attendant a 
means of finding himself and of improving his work, which was 
previously impossible. 

A switchboard room is the brain of the electric system. Im- 
proper switching is a curable electric insanity. Great losses 
have been caused by mistakes in switching and there has been no 
evidence left to indicate the mistake and no possibility of justly 
placing the blame. In such cases a disconcerting feature is 
the impossibility of properly changing the personnel of the 
station force so as to avoid a repetition of the same blunder 
under similar conditions of nervous strain. Aside from the 
loss of apparatus, personal injury has sometimes resulted from 
a mistake in switching. From a legal standpoint it is not in- 
frequently important to have evidence to show that damage was 
not due to improper switching. In one instance that comes 
to mind eight linemen were injured and one killed while string- 
ing up a broken line. At some distance away there was a light- 
ning storm. It was difficult to decide whether the fatal charge 
of electricity was due to the lightning, or to a mistake in switch- 
ing at one of the stations, or to some local carelessness. 

Where so much depends on a knowledge of switch operations 
it would seem that any device which makes an accurate record 
would give not only a good insurance against repeated acts of 
inability and carelessness, but would also be worth while in the 
training of reliability in men and in furnishing valuable evidence 
of conditions that any business demands. 

Two experiences out of many are chosen for further illustra- 
tions. In charging an aluminum lightning arrester a very 
good all-round switchboard attendant decided to do his work 
thoroughly. He was instructed several times to charge about 
ten seconds, but he failed to catch the desirability of any limita- 
tion; consequently after some damage had taken place an ex- 
amination was made of the record of the discharge recorder, 
which showed that the wear on the plates of the aluminum cells 
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during one year was equivalent to forty years of normal service. 
Doing the work thoroughly meant, to him, charging the a 
for seven minutes instead of ten seconds. 

In the process of manufacture of some insulating material 
in the factory, there were several successive steps which re- 
quired exact intervals of application of electrical current, poten- 
tial and heat. A man was trained to carry on this work. After he 
undertook the tasks independently he was checked a number of 
times and found reliable. From time to time certain unmis- 
takable variations in the final product were found. The work- 
man could give no explanation. He claimed he had conscien- 
tiously given the proper time to each application. There were 
good reasons for not doubting his honesty. Finally, however, 
it was decided to go to considerable expense to put in automatic 
recording devices. When occasional errors as great as fifty 
to one hundred per cent were subsequently found the workman 
was as greatly surprised as any of the rest of us. He had, appar- 
ently, occasional lapses or off-days. With the aid of the auto- 
matic recording instruments he was able to correct his lapses. 
The situation is now satisfactory to every one concerned. 

Aside from the saving of expensive errors, the multi-recorder 
will have a use in diagnosing the source and growth of trouble 
on an electrical system. Events often follow each other in too 
rapid succession to be noted. Frequently an operator is not in 
a position to note what happens. Since the multi-recorder is 
more than twice as-rapid in its operation as an oil switch it can 
follow the succession of events. Time element relays can be 
checked to the nearest second at every operation, Durations of 
accidental short circuit can be recorded. In some cases this 
will be of great value in forming an estimate of the possible 
damage that may have been done to the wires of a power line. 

The multi-recorder will record when a line or feeder is alive, 
when it was energized, and from which end it was energized 
initially. This is accomplished by the use of two type-wheels 
or pencils. Assuming the use of the printing type, one type- 
wheel is connected to a contact on the feeder switch and the 
other is connected to a contact on an electrostatic couple 
which is energized by the line or feeder. If the line or feeder 
is kept alive by induction or by an accidental cross with 
another circuit the multi-recorder will continue to record the 
letter ‘‘ R ’’, after the feeder switch is opened. 

Other uses of the recorder will sometimes be found about a 
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station. A load dispatcher will find a number of uses for it. 
The connections of the multi-recorder can be used to make the 
load dispatcher’s dummy switchboard automatic. More 
rapid switching can be carried on with accuracy. The exact 
conditions are always before him. A check record is made 
of every change. If desired, signals and responses can be 
recorded. The starting, synchronizing, and stopping of gener- 
ators, the operation of ventilating motors, auxiliary apparatus, 
and even changes in a fire room, may be recorded. 

Looking forward somewhat into the future, there is a growing 
demand for knowledge of the mental characteristics of the men 
who have functions made important by the reliability that is re- 
quired under all conditions of surroundings and mental fatigue. 
No subtle psychological tests have to be imagined to determine 
these mental characteristics. What is needed is an actual 
switchboard not connected to the power circuit but used in con- 
junction with the multi-recorder. Tests are to be made when the 
mind of the man is fresh and clear after a night of rest, and again 
when it is fatigued at the end of a day of exhausting labor, and 
then again, perhaps, after ‘‘a night off with the boys.’’ Imi- 
tations of various accidental conditions can be reproduced by 
explosions and pyrotechnics, and the accuracy and time of re- 
sponse to these impulses can be measured by the multi-recorder. 
To give these tests the seriousness and nervous strain attending 
actual operating conditions, several other things are available. 
One factor might be certain mental stresses that can be caused 
by the presence of unusual and important witnesses. There are 
a number of things involving the element of surprise, which 
need not be reviewed here. It would be absurd to lay out rules 
for methods that have not yet been tried and tested. The end 
sought in each case will have everything to do with the choice of 
method and procedure. 

It must be conceded that no set of tests will give absolutely 
positive proof that the results will indicate the choice of an un- 
erring switchboard attendant, although they may come very 
near doing it. The methods will, however, eliminate immedi- 
ately the applicants for such positions who have qualities of 
mind which entirely unfit them for the particular occupation of 
switching. 

The choice, as the matter stands to-day, is left much to hap- 
hazard chance. The blunders which eliminate a man from the 
field of station attendant are very expensive. The ease with 
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which blunders can be covered up, and the importance of doing 
so to the man who makes them; leaves the engineer in charge in a 
vulnerable position. If one could learn even of all the blunders 
that resulted in nothing serious, a good basis would be formed on 
which to judge an attendant’s abilities. The multi-recorder 
will give a great deal of this kind of information. With a full set 
of tabulated and type-written accidental conditions which can 
happen to an electric system, taken in connection with the test 
switchboard referred to above, it is possible, after choosing men, 
to give them an extensive training in meeting promptly impor-— 
tant situations which come infrequently to any one man. 

Application of the Multi-Recorder to Theoretical I nvestigations. 
There are a number of important investigations on electrical 
circuits which require numerous accurate time records. One of 
the most important of these is the determination of the value 
of the overhead ground wire. Lightning storms move variably 
across and along transmission lines. Succeeding strokes pro- 
duce punctures on spark-test papers which are superimposed 
and cause hopeless confusion in the interpretation of the results. 
One multi-recorder takes the place of thirty observers and it is 
more rapid and accurate. The salaries of thirty men for one 
day would pay a high rate of interest and depreciation on the 
multi-recorder for an entire year. With the necessary auxiliary 
apparatus the multi-recorder makes possible studies of lightning 
conditions which would, otherwise, be impracticable. 

The Motorman Problem. The problem of testing the charac- 
teristics of a motorman is not very different from that of the one 
already outlined in relation to a switchboard attendant. Aside 
from the regret that attends a deplorable railway accident there 
is a legal aspect which materially affects the returns to the stock- 
holders. How many motormen, reliable under normal condi- 
tions, lose their judgment, accuracy, and speed of action, at a 
moment when human lives are suddenly endangered by the 
movement of electric cars under their control? The problem is 
not far different from the one of training chauffeurs. A 
method of accurate tests is not difficult to devise. Briefly, 
it requires the following elements: Moving pictures of specially 
arranged dangerous situations, fast and variably speeded 
vehicles suddenly appearing out of a side street and crossing or 
stopping on the track, confused pedestrians in various positions 
of danger, etc. For taking these pictures the camera is to be 
carried down the track in a light vehicle that can be suddenly 
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stopped. Considerable attention must be paid to the rate of 
the moving film, with the conditions of subsequent reproduction 
in mind. Let us assume that these records are complete. 

The next step is to block up a street car in a car barn and con- 
nect the motor to sufficient inertia to equal that of the car. Place 
a screen a few feet in front of the motorman’s vestibule and place 
back of this screen the moving picture machine. Gear the 
motor through a proper ratio to the moving picture machine. 
Put a recorder on the brakes, bell, the several positions of the 
controller, velocity meter, retardation meter, and a contactor 
on the moving picture machine which closes the instant the 
dangerous condition appears. Put a motorman in the vestibule 
and as he runs his car down this eventful picture street, measure 
automatically his judgment under various trying conditions, and 
his accuracy and speed of mental and physical response. If he 
passes the pictures through a dangerous situation before he can 
stop his motor and the picture machine, he has had an accident. 
Accidents which are absolutely unpreventable will be indicated 
by the inability of any motorman to respond to the impulse 
and stop his car in time. By the use of this outfit men can be 
trained to meet a situation promptly. To prevent over-familiar- 
ity with the situations and the possibility of foreseeing a danger 
before it actually appears and prematurely preparing for it, 
fresh pictures of new situations can be supplied according 
to the need. No matter what flaws may be noted in this method, 
if it is applied with understanding and common sense it is 
possible, to say the very least, to weed out such applicants 
and men from the force as are inherently not adapted to this 
occupation. 

To meet certain situations several seconds of afterthought are 
necessary. To reduce the time of response, most of these 
seconds of afterthought can be squeezed into forethought 
by experience. It is uneconomical to get this experience by 
maiming people. Everyone who has given it the least attention 
has noticed how actions become automatic. There is a world of 
illustration of this. Slip on the ice or a banana peel and a foot 
will shoot out quickly and recover the balance (usually) before 
conscious thought takes place. The fingers of a piano player 
and of an operator of a typewriter, move automatically to the 
proper positions without conscious thought or effort. If we 
have a complicated electrical test to make, first imagine all the 
possible accidents that can take place and go through phantom 


1912] MULTI-RECORDER 835 


actions for each case to train the senses to meet the situation 
promptly should it occur. This is storing up afterthought in 
the form of forethought ready for instant use. The same quick 
reaction can be cultivated in the mind of a motorman by the use 
of the apparatus described in the foregoing paragraphs. 


THE MutLti-RECORDER 


Conditions existing in electrical work as outlined have sug- 
gested the necessity of a recording device which will make easily 
readable records of switching operations, lightning disturbances, 
arcing grounds, and in fact any phenomena, mechanical or 
electrical, which may be used to close an electrical contact. 

The difficulties encountered in devising such a mechanism 
may not at first be apparent. The record after being made 
should appear comparatively simple. The first conception of 
what the record should be like was gained by investigating the 
records made by other standard recording instruments such as 
the recording voltmeter, the discharge recorder, etc. In these 
recorders the record paper is continuously drawn through 
the machine, usually by a direct-connected clock mechanism. In 
many cases this would be a waste of paper and would also make 
a record which could not be easily read, owing to the fact that 
a large amount of paper would have to be inspected before 
the desired indications of operation could be found. For this 
reason the idea of having the paper continuously moving through 
the instrument whether any operation was being recorded or not 
was abandoned and it was decided, if possible, to make the 
recorder move the paper in steps, the stepping to take place 
only when records of switching, etc., were made. It should 
be noted, then, that our problem is to record transitory 
phenomena. Many different schemes were considered as to the 
manner of producing a simple record. Of these, two were 
decided upon as being the most feasible and the easiest to read. 
The first consisted of a set of pencils equally spaced and bearing 
down on the record paper. These pencils are supported at the 
end of an arm extending outward from an operating armature. 
When anything to be recorded occurs, say closing or opening a 
switch, the pencil previously selected to record the operation of 
the switch, will move a short distance either to the right or left, 
perpendicular to the direction of motion of the paper, and will 
remain in this position as long as the switch remains open or 
closed. After the pencil has moved over, the paper is stepped 
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forward a short distance and then remains at rest until a pencil 
is again moved by some recordable operation. 

The second scheme was to provide type wheels in place of 
the pencils. Each wheel would have two characters cut in its rim 
and the operating switches would cause their corresponding 
wheels to be rotated so that the proper character would come in 
line to print. The characters chosen were R and G, correspond- 
ing to red and green as used in switching. In addition to these 
letters successive numerals were used. The next consideration 
was the printing of the time. Owing to the fact that the paper 


5A 3-6 14 
5A 2 50 16 
5A 2 43 26 
5A 217 58 
5A 217 46 
6A 217 32 
5A 2-5-8 
5A 2-2 39 
5A 11 24 55 
5A 11 24 66 
6A 11 24 53 
5A 11 24 53 
6A 7 20 39 
5A 7 20 37 
5A 7 20 34 
5A 7 20 33 
6A 7 20 29 


Fic. 1—ReEcorpD oF PENCIL TYPE MULTI-RECORDER. 


was to be stepped only when something to be recorded took place, 
the record paper could not have the time previously printed upon 
it as in the case of the record papers used in recording voltmeters, 
etc. Therefore, some sort of a time indication must be made on 
the record paper at the same time any phenomenon was recorded. 
As a result of investigations along this line it was decided to 
use a special time-printing device which consisted of a set of 
wheels having type cut in their rims. The question then arose 
as to how accurately this device should print the time. In 
other words, if two records were made, say one second apart, 


1912] ~ MULTI-RECORDER 837 


would it be necessary to show that the difference in time between 
these two records was one second, or would it be sufficient to 
show the approximate time of day at which the records were 
made? Let us take an illustration to show one of the factors 
which influenced the final decision: On the system consisting of 
a number of feeders, it is not unusual that several switches 
will be opened in quick succession. It is impossible to tell 
where the trouble started, and which switch opened first. It is 
desirable to have the time element sufficiently small so as to 
separate such phenomena. 


4P 1 35 34 1G2G3G4G5G6G 7G 8G 9G 10G 11G 12R 
4P 1 35 33 1G2G38G4G5G6G 7G 8G 9G 10R 11G 12R 
4P 1 35 32 1G2G3G4G5G6G 7G 8G 9G 10G 11G 12R 
4P 1 35 29 1G 2G3G4G5G6G 7G.8G 9G 10G 11G 12G 
4P 1 35 28 1G2G3G4G5G6G 7G 8G 9G 10R 11G 12R 
4P 1 35 27 1G 2G3G4G5G6G 7G 8G 9G 10G 11G 12R 
4P 1 35 27 1G2G3G4G5G6G 7G 8G 9G 10R 11G 12R 
4P 1 35 -7 1G2G3G4G5G6G 7G 8G 9G 10G 11G 12R 
4P 1 35 -6 1G 2G3G4G5G6G 7G 8G 9G 10G 11R 12G 
4P 1 35 -5 1G2G3G4G5G6G 7G 8G 9G 10G 11R 12R 
4P 135 4 1G2G3G4G5G6G 7G 8G 9G 10G 11G 12R 
4P 1 35 -3 1G 2G3G4G5G6G 7G 8G 9G 10G 11R 12R 
4P 1 35 -+0 1G2G3G4G5G6G 7G 8G 9G 10G 11R 12G 
4P 1 34 59 1G 2G3G4G5G6G 7G 8G 9G 10G 11R 12R 
4P 1 34 57 1G2G3G4GEhG6G 7G 8G 9G 10G 11R 12G 
4P 1 34 56 1G 2G3G4G5G6G 7G 8G 9G 10G 11R 12R 


Fic. 2—REcORD OF PRINTING MULTI-RECORDER. 
Changes in the recorder are made in Nos. 10, 11 and 12. 


The use of two disks in place of the hour and minute hands 
on the clock suggested itself first, but in order to get an 
accurate time indication it would be necessary to have a 
very large disk, so large, in fact, as to be difficult to handle. 
Experiences with friction in such big wheels led us to believe 
that such a clock would be a poor time keeper, and therefore, 
we turned to an electrically driven clock, or a set of gear wheels. 
With this device it is possible to have one master clock run any 
number of machines, even to the extent of connecting different 
stations together, and in this way widen the scope of accurate 
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record of the multi-recorder. The impulse for the electric clocks 
is received from a clock pendulum. 
The principal parts of these multi-recorders are 


A master clock. 
Time-wheels for printing. 
Record-wheels or pencils. 

4, Printing mechanism consisting of a set of hammers which strike the 
row of type wheels. 

5. The paper-advancing mechanism. 

6. Outside the machine are the contacts which move when phenomena 
occur which it is desired to record. 


A problem of the multi-recorder involves the moving of 10 to 
30 distinct recording devices, which can move singly, or all at 
once, without interfering either with each other or with the print- 
ing mechanism. The printing mechanism must be responsive to 
the movement of any one recording pencil or wheel, and to any 
number of them operating simultaneously. Furthermore, the 
printing hammer must not strike the time-wheels when they are 
moving from one second to the next. Since we desire to record 
the phenomenon when it takes place, it is evident that if a phe- 
nomenon occurs at the instant the master clock ticks, the time 
wheels must not move. Yet the second of time in the movement 
of the time-wheel must not be lost. These two conditions are 
fulfilled, when it is necessary, by delaying briefly the movement 
of the time-wheels. Definitely, what takes place if the phe- 
nomenon occurs at the end, say of the eighth second, is that the 
time-wheel will be delayed and the eighth second will be recorded; 
it requires + second to make the record so that 14 seconds later the 
time-wheel moves up to 9 seconds. Five-sixths of a second 
afterwards the time-wheel moves up to 10 seconds on exact 
time. 

Another problem connected with this device relates to the 
means ‘of recording changes that are transitory in duration. 
The movement of an oil switch does not fall under this designa- 
tion. The occurrence of the operation of a switch is transitory, 
but it has a duration of at least a second before it can be followed 
by another movement. In other words, the switch is either 
against the “‘ open ”’ contact or the ‘‘ closed ”’ contact in a definite 
manner. 

The recording of a lightning stroke is something quite dif- 
ferent. It comes and is over much sooner than any mechanical 
device can move. In many cases it is too quick even for an 
oscillograph to follow. On the other hand, the problem takes a 
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new form when the lightning strokes cause an accidental ground. 
Then the surges will be continual over a number of seconds or 
minutes. Ifthe multi-recorder made a continuous record during 
all this time it would run out yards of paper uselessly. 

There are other factors connected with the general phenome- 
non of surges, such as large and small current, high and low poten- 
tial surges, as well as the frequency and duration of the surges. 
These factors will be taken up later in a paper on “‘ A New Dis. 
charge Recorder.” For the present it suffices to state that the 
device which best meets most of the imposed conditions involves 
the use of a specially constructed coherer. A surge of the short- 
est possible duration will cohere the coherer. The device is so 
arranged that the coherer remains cohered until the record is 
made. There is then a movement to de-cohere. If, however, 
the surges are continuous.a second coherer in parallel with the first 
prevents the decoherence and no further record is made by the 
multi-recorder until the surges cease. It is seen from this 
description that the multi-recorder will record the duration of 
charging an aluminum arrester. 


MECHANICAL DETAILS 


The illustration of the multi-recorder, Fig. 5, shows the mount- 
ing of the relays and the terminal board. All wires leading from 
the multi-recorder are carried downward through the cast-iron 
pedestal shown in the illustration. The magnets for operating 
the record type-wheels are situated just in front of the terminal 
board and their armatures are pivoted to move vertically forward 
and backward. Brass links connect the upper parts of the 
armatures to lugs on the recording type-wheels which are shifted 
forward or backward by the movement of the armatures. The 
time-printing type wheels are constructed very similar to an 
ordinary consecutive numbering stamp, and they are mounted 
so that they may be easily reset. The paper roll is mounted 
near the center of the recorder and the paper passes under the 
type wheels, then between two rollers which step it through the 
space between the hammers and the type wheels. A carbon 
paper roll, the same width as the record paper, is mounted just 
above the record paper roll and this is passed between the type 
and the record paper. The carbon paper is rerolled upon a spool 
just in front of and above the type wheels. This spool is driven 
‘by a small chain running over a sprocket wheel fastened to the 
paper-advancing rollers. See Fig.6. The printing solenoid is 
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located under the paper-advancing rollers, and padded hammers 
linked to the core of the solenoid P (Figs. 3 and 7) are made to 
swing upward, striking the underside of the record paper, and 
causing the type to make a carbon imprint upon the record paper. 
When the core is released it is returned by a strong spring which 
also rotates the advancing rollers and moves the paper, as before 
mentioned. The stepping is accomplished by a pawl and ratchet 
mechanism. 


Fic. 3 


With respect to size, there is practically no difference between 
the two types of recorders and in fact they look very similar. 
Nearly all the metal frame work is made of finished brass. 
The machines are mounted on a slate or marble slab sup- 
ported by a cast iron pedestal. The recorder is provided with a 
glass case having a hinged top. This renders the machine free 
from dust and at the same time makes it easily accessible. 
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Almost any part of the mechanism may be viewed through the 
encasing glass. The record paper feeds out under the lower front 
edge of the case, and it is provided with a straight edge so that 
portions of the record may be torn off. 

Wiring. Now that we have described the functions of the 
multi-recorder in general, more detailed description of the wiring 
between the electromagnets and interlocking contacts will be 


given for those who wish to follow more minutely the method of 
operation. 


Gl 


Fic. 4 


In this part of the paper it is the purpose of the writers to 
describe as briefly as possible the two types of multi-recorders 
which have been built and which operate successfully. The 
recorders will be referred to as multiple-connected and series-con- 
nected. Bothrecorders are very similar in construction, with the 
exception that the series-connected recorder makes use of a mov- 
ing element which makes a pencil line record, while the multiple- 
connected machine makes a type-printed record of all switching 
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operations, etc.. The writers are indebted to Mr. A. H. Davis, 
of the Lightning Arrester Laboratory, for this series connection. 
References to Fig. 1 and Fig. 2 will show wherein the records 
differ. It will be noted that in each record the time is printed to 
the second, 7.e., 246 44-3 is to be interpreted thus, Monday, a.m., 
6th hour, 44th minute, third second. In Fig. 1 let us assume 
that line No. 1 is a line which is to show the operation of the 
switch. The paper strip used for this record has parallel colored 
lines in sections of five, drawn the length of the paper. Each of 
these lines is a center line upon either side of which the recorder 
draws its record line. The center lines are colored so that the 
records may be more easily read. Whenever line No. 1 is at the 
left of the center line, the indication is that the corresponding 
switch is open. The point at which line No. 1 crosses its center 
line shows the time when the switch was operated. Whenever 
line No. 1 is at the right of its center line the indication is that 
the switch is closed. Records of other operations are similarly 
shown. 

In Fig. 2 the operation of the switch is indicated by the printed 
number and letter, z.e., 1G indicates that the switch is open— 
1R, that it is closed. The time at which the switch operates 
is shown opposite the record print and at.the left of it. 

Let us now take the multiple-connected recorder and go 
through with its principles of operation. This recorder may ° 
be designed to operate satisfactorily on any direct-current 
circuit of from 15 to 120 volts. If the recorder is to be operated 
on a voltage higher than 120 it would be desirable to put resist- 
ance in the various circuits to limit the current. Fig.3 shows 
the connection for the low-voltage type. S (.S: to S39) repre- 
sents the contacts which are operated by the switching or 
similar operations that are to be recorded. R and G are the 
magnets which turn the type-wheels that print the record. 
T (T; T2 to T30, at the top of the figure) is a special quick 
break contact mechanism which is tied to the armature of R and 
G by means of a toggle spring (not shown in the diagram). This 
mechanism and its contacts, e and f, are placed at the top of the 
recorder and may be seen in the accompanying illustration 
(Fig. 5). Visa relay coil having a high-resistance winding (4) 
and low-resistance winding (3). | Uisa relay coil having winding 
similar to V, 5 being the low-resistance winding and 6 the high. 
P is the printing and paper-stepping solenoid. 

Let us now go through with an example of the operation of 
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this recorder. Suppose we select an oil switch that has been con- 
nected to operate the contacts S of this recorder. These con- 
tacts, S, may be mechanically fastened to the switch, or S may 
be a three-point relay connected in the control circuit so that 
the contact 2 is closed and contact 1 open when the green light 
is on, and contact 1 is closed, and 2 open, when the red light is on. 
Assume that the oil switch is about to be opened; the previous 
closing of the oil switch had broken the contact 2 and closed the 
contact 1 of S as shown. Also it had broken contact f and 
closed contact e of the quick break contact T. The oil switch 
opens, breaks contact 1 and makes contact 2 at S. This allows 
the current to flow from line L, shown at the bottom of the 
figure, toward the right through the connecting wire AE to the 
contact 2 at S, through magnet G and contact e of T down 
through wire HJ, through the high-resistance coil 4 of relay 
V, through wire Fo, contact J, wire ab, back to the line L. 
The current which flows through this circuit is too small to 
cause the armature of G to move, and, therefore, the circuit 
through e at Tremains unbroken. This current is, however, suf- 
ficiently strong to cause coil 4 of relay V to draw its armature 
against contact Y and mechanically close contact X. During 
this movement contact J is not broken and it remains closed 
until contact Y is open, while contact X remains closed. As 
soon as contact Y is closed the current is free to pass through the 
low-resistance coil 3 of relay V,and since the current is now 
much larger, due to the lowering of the resistance of the circuit, the 
magnet G moves its armature and the type wheels linked to it 
(not shown in the figure). The motion of this armature also 
breaks the circuit at contact e of JT, and closes contact f of T. 
This puts the contacts of S and T in relative positions at rest. 
It may readily be seen that the contact J is necessary in order 
that the second phenomenon may not interfere with recording 
the first. If, however, two or more phenomena should occur 
simultaneously or nearly so, records of all the phenomena will be 
made in one operation of the recorder. It should be noted that 
in breaking contacts Jand Y, the common connection / H for all 
the operating contacts, e and f,of T (7i1T2to T30) is open-cir- 
cuited at Y and J, so that should another phenomenon occur 
while contact J is open (contact J cannot be opened without 
opening contact Y), the entire operation of the recorder for 
this new phenomenon will not take place until the first record 
just being described has been finished. The current which 
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operates G also holds contact Y of the relay V closed until the 
circuit is broken at contact e of T, when relay V is de-energized, 
contacts Y and J are opened, and contact Z is closed by a spring 
return. When the armature V is returned to make contact Z, 
contact X of relay U is held closed by the current which flows 
from the line L through wire A cd, printing magnet P, contact 
B, wire ghi, contact X, the high-resistance coil 6 of U through 
wire 6, back to the line LZ. This current is too small to 
operate the printing and stepping magnet P but is sufficiently 
large to cause relay U to hold contact X closed. At once the 
contact is made at Z, the current flows through the path from 
line L through wire A cd, printing solenoid P, contact B, wire 
ghi, contact X, low-resistance coil 5 of U, upward through 
contact Z, and downward through wire a b, back to the line L, 
and operates the printing solenoid P. Closing the circuit of 
solenoid P on operating current throws a set of hammers 
against the type wheels, thus making the printed record. When 
the stroke of solenoid P has reached its limit the circuit is automat- 
ically opened at contact B, and relay U, losing its energy, allows 
contact X to be opened by a spring on its armature, which also 
closes contact J as in the original position. The opening of con- 
tact B is purely a mechanical operation and is accomplished by 
the core in solenoid P reaching its limiting position. Solenoid 
P being also de-energized by the breaking of contact B releases 
its core and it is returned by a strong spring which steps the 
paper along for about a quarter of an inch. The above cycle of 
operation having been passed through, it will be seen that every 
part of the recorder is back to its original position and the 
recorder is now ready for the next record. Should two or 
more switches be operated simultaneously, a corresponding num- 
ber of recording type wheels would be moved. For example 
—if S and S; should close their contacts 2 (or 1) at the 
same time, then the coils G (or R) of T and T, would be thrown in 
the circuit in parallel. They would move their corresponding 
type wheels simultaneously when their circuits were made to 
carry sufficient current to operate them, and relay V would close 
its contact Y. The relation between the resistances of coils 3 and 4 
of relay V is so proportioned that any number of records may 
be made simultaneously. 

The time-printing type wheels are operated by a solenoid 
whose circuit is closed and opened by a relay of the clock circuit. 
A clock beating seconds has attached to its pendulum a pair of 
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simple contacts (not shown in figure) which are connected to 
C in the diagram of Fig. 3. When the clock ticks the circuit of 
relay FR is closed, opening the circuit of the type-wheel solenoid 
W at contact M, which allows the advancing pawls of the type- 
wheel mechanism to be stepped backward by a spring. When 
the clock circuit is opened, then the relay R is released and the 
circuit of W is closed at contact M, which advances the pawls 
on the type-wheels, moving them forward and causing the wheels 
toadvance one second. The above cycle is repeated every second. 
Should a switching operation take place at such a time that the 
printing would occur just as the time-printing wheels were ad- 
vancing, it would not be possible to read the time on account of 
the failure to print properly, as before mentioned. 

This possible failure of the recorder is eliminated by contact D, 
which is in a circuit in parallel with the clock circuit. Normally, 
when switching occurs with contact NV open the contact D has no 
function; but should the contact NV be in a closed position at the 
time that relay U closes (which closes contact D as well as con- 


~ tact X), contact D would complete the circuit of the clock relay R 


through contact N and prevent the spring from opening N when 
the clock contact opened. 

This circuit may be traced as follows. Starting from line L the 
current passes through the wire A? U, relay R, wire Srq, contact 
D, downward through wire p, contact N, wire lj, back to line L. 
Normally, when the recorder is not operating, the circuit when the 
clock contact closes is as follows: Current flows from line L 
through wire A t U, relay R, clock contact C, wire kj, back to line L. 
The ticking of the clock then opens and closes contacts M and N 
alternately, closing M causing the time wheels to be moved, and 
closing N making it possible for contact D to prevent the opening 
of relay R when the movement of time wheels is to be delayed. 
Relay R will, however, be opened when both contact D and the 
clock contact are opened, since this opens the circuit of relay R. 
It must be understood that this delaying of the movement of the 
type-wheels is only a fraction of a second, and does not therefore 
throw the time of the wheels behind that of the clock. 


ReEcoRDING OF LIGHTNING DISTURBANCES AND SURGES 
Reference to Fig. 4 will show the connection of the apparatus 
used to operate the recorder for high-frequency disturbances on 
the transmission line, previously referred to inthis paper. (Q is 
a condenser connected between the transmission line and the 
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special coherer C, which is connected to ground as shown. 
V is the tapper which decoheres coherer C. R is a relay which 
may be closed only by current in the coherer circuit. Tis a time 
limit relay to close the circuit of the relay S. L is the source of 
direct-current power to operate the mechanism, which is the 
same source as shown in Fig. 3. The terminal K K should be 
connected to the corresponding points lettered K K in Fig. 3 of 
the multi-recorder. 

The operation of the discharge recorder is as follows: High 
frequency coheres coherer C and energizes relay coil f of 
R, opening contact b and closing contacts aandc. Closing con- 
tact a performs the same function as one of the contacts (1) of S 
in Fig. 3 and causes the recorder to print the exact time at which 
the disturbance commenced, and also printing the letter R 
which will indicate that the disturbance is on the transmission line. 
Contact a also closes the circuit of the holding coil g of relay 
R as follows: Current flows from line L through wire A BD, 
contact d (which is normally closed), wire E, coil g, contact a, 
downward through wire F back to line ZL. When relay R oper- 
ates, contact c closes a circuit as follows: Current from line L 
flows through wire F upward through contact c, wire H, down- 
ward through the coil of time limit relay T, through wire J back 
to line L. The time limit relay T operates about a quarter of a 
second after contact c has closed, and closes contact e. The 
circuit through contact eis as follows: Current flows from line L 
through wire A B, through contact e, relay S, wire J back to line 
L. The relay S opens contact d, and therefore causes coil g of 
relay R to lose its energy. Contact c also closes the circuit of the 
tapper coils of V as follows: Current from line LZ flows through 
wire Ff, upward through contact c, wire MN, the coils of V, 
contact h, wire PA, backtoline L. The armature of V will now 
vibrate like the armature of an electric bell and the hammer at 
the left end of the armature will tap the coherer tubes C alter- 
nately and decohere them. The coherers C in turn will break 
the circuit of coil f in relay R as soon as the high-frequency dis- 
turbance on the transmission line has ceased. 

If the disturbance is of very short duration (less than a quarter 
of a second) coil f of relay R will at once lose its energy as just 
explained, but the armature of relay R will not be released until 
the time relay T has operated relay S and broken the circuit 
of the holding coil g of relay Rat contact d. This, then, will 
delay the breaking of contacts @ and c and consequently the 
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making of contact 6 which would be accomplished by the spring 
on the armature of relay R. Delaying the breaking of contact a 
and the making of contact b is necessary in order that the re- 
corder (which is operated by closing contact a or } as before 
explained) will have time to go through its first cycle of opera- 
tion which will make an R record, before contact 0 is closed, 
which in turn would again cause the recorder to operate but this 
time it would make a G record. Should the contact b be closed 
too soon the recorder might not complete its first record and, 
therefore, no disturbance would be indicated on the record sheet. 
Now, if the disturbance is of long duration (several seconds 
or minutes) the coherer will be kept cohered and coil f of relay 
R will hold contacts a and c closed even after relay S opens the 
holding coil circuit g at d. The recorder, as before stated, has 
printed the letter R on the record sheet, together with the time at 
which the disturbance commenced. When the disturbance ceases, 
coil f of relay R loses its energy and contacts a and c open. 
When contact a is opened and 6 closed, the particular record type- 
wheel recording the above phenomena is shifted so that it will 
print G instead of R and also the time at which the disturbance 
ceased. The time of duration of the disturbance can be easily 
seen by noting the difference in time of these two records. 

Incidentally, this last operation would prove very valuable 
in connection with the charging of electrolytic lightning arresters. 
The time at which the charging was done would be recorded, 
and also the duration of each charge would be shown. 

It will be seen from Fig. 3, and the previous reference to it, 
that a magnet R or G must operate and turn its type-wheel before 
the printing can take place and that the whole network is so 
devised that each operation must come in its regular order. 

As before mentioned, the two recorders are very similar in 
mechanical construction. The essential differences between 
the two are in the electrical principles, and, in this particular 
case, in the fact that the series-connected recorder has been 
provided with pencils instead of type wheels. However, it 
is possible to design either recorder with pencils or type wheels. 

In the illustration, Fig. 9, the arrangement of the pencil- 
operating magnets may be seen. 

We will now consider the electrical connections and operation 
of the series-connected recorder. Fig. 7 shows the diagram of 
connections. 

It will be noted that all the magnet coils R and G are con- 
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nected in series, and the operation of the pencils depends 
upon the short-circuiting of either coil R or G. S shows the 
contacts of a six-point relay which is operated by the switch- 
ing, the same as in the multiple-connected recorder. U Visa 
relay having a double winding, as shown. X Y is a two-coil 
relay, each magnet of which operates upon the same armature. 
Z is an electrically operated mechanical interlock which locks the 
pencil bars when they are at rest. This interlock consists of 
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an electrically operated bar having upon its lower edge a number 
of V-shaped projections which normally rest against similar 
projections extending upward from extension of the pencil 
magnet armatures. The points of the V projections on the arma- 
tures will be on one side or the other of the projections on the 
interlocking bar and the pencils may not be moved except when 
the interlocking bar is raised. 

When an oil switch is closed, one of the six-point relays 
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S operates so that contacts 2 and 4 are opened and contacts 1 
and 3 are closed. Consider, first, the closing of contact 1. The 
circuit from the low-voltage battery C shown in this line, is 
completed through contact 1 as follows: Current flows from 
battery C through wire ab, operating coil V of relay M, through 
wire cd, through coil X, wire g, contact e of T, through contact 1 
of S, back to the battery C through wire h. Current in coil X 
prevents the closing of contact A when coil Vis energized. Cur- 
rent in coil V closes contact D, which completes the circuit of 
relay Z to line L, as follows: Current flows from line L upward 
through contact E, through wire 7, the coils of relay Z, through 
contact D of relay M, downward through wire j back to line L. 
Relay Z closes contact B and also mechanically unlocks the 
pencils so that they are now free to be moved by their magnets 
RorG. The pencils are kept locked in place because the paper 
moving under the pencils might pull them out of place should they 
be free to move. Closing contact B sends current through all coils 
R or G in series which are not short-circuited by the contacts 3 
or 4 at S. In this case, coil R is short-circuited by contact 3. 
Therefore, the current energizes magnet G and its armature 
moves, pulling the pencil to the right, opening contact e and 
closing contact f. Breaking contact e opens the circuit of coils 
X and V. De-energizing V does not break contact D, as the re- 
lay is held closed by the holding coil U. De-energizing X 
permits relay Y to close contact A, which completes the circuit 
from the line Z through the printing and stepping solenoid P. 
The printing takes place the same as in the case of the multiple- 
connected recorder (except that the only part of the record 
which prints is, obviously, the time) and the circuit of coils Zand V 
is opened at E; their armatures are released, breaking contacts 
Dand FE. Opening contact B opens the circuit of coil Y, which in 
turn releases its armature and opens contact A; this breaks the 
circuit of the printing solenoid P, its core is released and the paper- 
advancing rollers are moved, the same as described in the other 
recorder. The clock mechanism and connections are substantially 
the same in both recorders, and the diagram of connections may 
be seen in Fig. 3 or Fig. 7. 

The discharge recorder terminals K K of Fig. 4 should be 
connected to the operating coil of one of the six-point relays, S 


(S1, S2, to S30). 
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STUDIES OF PROTECTION AND PROTECTIVE 
APPARATUS FOR ELECTRIC RAILWAYS 


BY E. E. F. CREIGHTON, F. R. SHAVOR AND R. P. CLARK 


The object of this paper is several-fold, first, to describe 
the effects of high frequencies on car wiring; second, to de- 
scribe experiences with the application of the aluminum 


arresters to an electrical railway where lightning is espe- 
cially severe; third, to describe additional devices applied to the 


d-c. aluminum arrester which give it greatly diminished 
deterioration with only a slight decrease in protective value; 
- and, fourth, to describe experiments on the extinguishment 


the old magnetic blow-out arrester. 


of d-c. arcs and the changes that have resulted in the redesign of 


General. Some of the main points of past standard practise in 
the protection of railway apparatus and lines might to advantage 
be briefly summarized as a beginning. Cars using direct current 


are protected by one or two arresters of the series gap type, 
and a choke coil. To diminish the strains on the car arresters 
and apparatus, arresters are placed along the line in greater 


r or less number, according to the type of arresters and the 
severity of lightning storms in the locality. These arresters 
are all of the series gap type. In fact, with the exception of 
the d-c. aluminum arrester, there is none that could be dignified 


by the name of “‘ arrester,” that has not a gap in series. 


4 All of these standard arresters contain more or less internal 
‘ series resistance. Since, in a d-c. circuit, dynamic current 
must always follow the lightning spark across the gap of the 
arrester, another distinguishing feature is the method employed 


- in extinguishing the arc in the arrester. 


- 
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In the older type the dynamic current energizes an electromag- 
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net which produces a magnetic field perpendicular to the arc 
and thus drives it up a porcelain arc-chute. The elongation of 
the arc increases its resistance, which reduces the current 
gradually until the arc is extinguished. This takes place when 
the energy of the arc is reduced to a value such that the rate 
of cooling makes it unstable. All this takes a measurable 
amount of time. In order that no serious damage shall be done 
to the electrodes of the gap during this time, some series resist- 
ance is necessary to limit the value of current. The series 
resistance is required also to furnish potential for the electro- 
magnet. Since this resistance is in the path of the lightning, 
the best design of arrester is the one which reduces the resistance 
to the minimum value without jeopardizing the life of the arrester 
by the destructive action of the dynamic current. 

A second type of gap arrester prevents the continuance of the 
dynamic arc by an automatically variable series resistance 
which has a very high value to direct currents at 600 volts. It 
has a lesser resistance and impedance at higher potentials and 
high frequencies. 

As protectors, the efficiencies of both of these arresters are 
limited not only by the active values of resistance but also by 
the presence of the series gap. The detrimental effect of the 
gap is reduced to a minimum by the well known application 
of the lightning choke coil. 

The efficiency of the “‘ gap-resistance ’’ type varies according 
to the design, and they have usually proven sufficiently satis- 
factory, in all but extremely severe lightning districts, to warrant 
their standardization. 

A third type of arrester gap uses an electromagnet in parallel 
with a resistance, but the arc is interrupted by the mechanical 
movement of a plunger. This type has its application confined 
mostly to overhead trolley lines. 

It seems unnecessary to review the varied conditions of 
demand for protection according to the geographical location, 
also the variations in demand along any particular line which 
is more or less overshadowed by trees and houses, as these 
matters are common knowledge. 


THE RELATION OF CAR WIRING TO PROTECTION 
As far as the writers know, very little attention has been 
paid to the matter of car wiring from the standpoint of pro- 
tection. In many cases the wiring is such as to jeopardize 
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the insulation of the motors and other electrical car apparatus 
in spite of the application of the best lightning arresters. 
This objectionable condition consists in placing the trolley bus 
wire and the ground wire in the same cable with the controller 
wires of the motor. When a lightning charge comes down the 
trolley, a portion of it passes by induction from the trolley 
cable directly into the car controller cables of the motor and 
thence into the motor. An instant later the charge passes 
around the wiring to the motor, but the first stroke on the 
insulation of the motor comes from the bus wire in the cable. 
Where the charge is forced to follow the wiring it is possible to 
retard it for an instant by means of a choke coil, and thereby 
give the lightning arrester an opportunity to carry it off directly 
to ground. But when the charge is permitted to pass directly 
into the motor winding by induction the protective value of the 
arrester is not brought into play. Even thealuminum arrester with 
unusually short connections is placed at a great disadvantage, and 
the gap type arresters with their spark potentials of 2000 volts 
to 3000 volts and their dielectric spark-lags are utilized at a 
minimum of their effectiveness. Before going into this subject 
further, some isolated experiments illustrating the effect of 
induction will be given. 


EXPERIMENTS IN HiGH-FREQUENCY INDUCTION BETWEEN 
PARALLEL WIRES TO INDICATE THE RELATION 
OF CAR WIRING TO PROTECTION 


The possibility of a lightning stroke being induced between 
Wires on a car and thus by-passing the protection given by a 
lightning arrester, prompted an experimental investigation 
of this subject. The available space on a car is so limited 
that wires are generally grouped in a cable, and this condition 
is the most favorable to the inducing of potentials at frequencies 
approximating lightning frequencies. The first tests were made 
to determine the values of induced potentials. 

Referring to Fig. 1,a large static machine with condensers con- 
sisting of four ordinary one-gallon leyden jars attached to each side 
of the machine was used as a source of potential for a number of 
these tests. The frequency of discharge was approximately 
1,000,000 to 2,000,000 cycles per second, depending upon the 
size of the circuit and conductors used. 

For the first test, two rubber-covered stranded No. 6 B. & 8. 
cables, each 6 ft. long, were laid parallelona table. The cable O P 
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was connected across the leyden jar terminals as shown in Fig. 1, 
and cable x y had a needle gap connected acrossitsterminals. The 
area x y 0 was maintained fairly constant for all positions of test. 
The length of leads to needle gap was 8 ft. (2.4m.). The distance 
D between conductors was varied and the values of Q at which a 
discharge just fails to pass at the gap Q were observed and recorded. 
The machine terminal gap spacing (G gap) was maintained con- 
stant at 5 in. (12.7 cm.), as this setting gave the largest value of 
Q gap for any constant value of distance D. 

The values of induced potentials were first measured at Q 
for the wires unprotected by iron pipes. Subsequently the 
tests were repeated with either wire enclosed in a 1 in. (2.5 cm.) 
iron conduit pipe and finally with both wires in separate 
iron conduit pipes. 

The values obtained as noted in the following tables prove 
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that an iron pipe around a conductor does not appreciably 
shield it from the effects of induction under certain conditions. 
In fact the induced potentials are so nearly the same for the 
four different conditions tested that it seemed reasonable to 
suspect that the area enclosed by the secondary circuit is an im- 
pertant factor. To check this point the following test was 
made. 

Two secondary circuits were made up, each of the No. 12 
B. & S. solid cotton-covered wire. The first one was made to 
include the smallest possible area. 

This enclosed area was less than } sq. in. (6.2 sq. cm.), not in- 
cluding the area near the needle gap, which was about 8 in. 
(20.3 cm.) from the primary circuit. The potential induced in 
this secondary circuit was not measurable on a fine needle gap. 

The other secondary circuit was made to include about 56 sq. 
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in. (361 sq. cm.). The dimensions are shown in Fig. 2. When 
this circuit was tested in the same position as the first the 


induced potential just failed to jump a needle gap setting of 
0.035 in. (0.889 mm.) 


ELECTROMAGNETIC INDUCTION BETWEEN PARALLEL Lines, 6 FT. (1.8 M.) LONG, 
Ge GAPI= 0 eIN. (L227 CMe) 


No iron pipe used Iron pipe on cable x y 
Average D, in. Q, in. Average D, in. Q, in. 
0.4 O335: together 0.33 
i 0.31 2 0.24 
2) 0.26 4 0.19 
3 OR 6 0.15 
4 0.20 9 0.12 
5 0.18 — 16 0.09 
6 0.16 22 0.06 
th 0.15 30 0.025 
9 0.12 
12 Ont! 
16 0.10 
22 0.09 
30 0.05 
Iron pipe on cable OP Iron pipe on both cables 
Average D, in. Q, in. Average D, in. Q, in. 
together 0.31 together 0.27 
2 0.25 2 0F25 
4 0.17 4 0.19 
6 0.15 6 0.14 
9 0.13 9 0.12 
16 0.10 16 0.08 
- 22 0.03 22 0.03 
30 0.025 30 0.015 


Comments on Electromagnetic Induction in Car Wiring. In 
order to have electromagnetic induction between two parallel cir- 
cuits a current in one circuit, at least, is necessary. If light- 
ning is to cause, by electromagnetic induction, a dangerous 
potential in the apparatus on cars, it is necessary to find a circuit 
suitable for the passage of high-frequency current. Very high 
frequency current cannot pass around the turns of armatures, 
field coils, or electromagnets, since the inductance of these de- 
vices would destroy the high frequency. 

If we are to find electromagnetic induction between parallel 
wires of the car wiring we must look for the completion of the 
circuit from trolley to rail in some other path than the path 
taken by the direct current that operates the motors. Assume 
that a wire is carried from the trolley to a point underneath the 
car at one end, designated for convenience as the No, 1 end, and 
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then parallels the controlling wires of the motors to the No. 2 
end. In order that electromagnetic induction shall take place, 
the lightning current must flow out the No. 2 end of this bus. If 
an aluminum arrester is improperly placed between the No. 2 end 
of this bus and ground, the lightning has a free path through the 
bus to ground and motors will receive a severe induced electro- 
magnetic strain derived from the wires parallel to this bus. In 
fact, under this objectionable condition, the better the lightning 
arrester the higher the induced potential applied to the insula- 
tion of the motors. A poor lightning arrester containing con- 
siderable resistance in series will limit the strain from the elec- 
tromagnetic induction, although in doing it, it will throw strains 
directly on the end turns of the motor connections. The cure 
for this trouble evidently is to avoid any connection which per- 
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mits the lightning current to parallel closely the controller 
cables. 

Eliminating, then, the lightning arrester from this objection- 
able location, what other possible path is there for lightning from 
the No. 2 end of the bus to ground? The only answer seems to 
be, electrostatic capacity to ground of the circuits beyond the 
No. 2 end. Some idea of the possible danger from this source 
may be gleaned from the experiments on electrostatic induction 
which will be given farther on. In closing this paragraph it is 
desired to caution engineers who lay out car-wiring, and repair- 
men who change it, to avoid placing wires in such positions that 
electromagnetic induction from lightning can take place. 

The precaution may be put in the form of a brief rule: Avoid 
placing any wire that carries lightning current near and parallel, 
for any considerable length, to any of the wiring where damage 
can be done by an induced charge. Aside from the illustration of 
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the bus wire already given, this rule may mean, specifically, to 
avoid carrying a lightning arrester connection, which very prop- 
erly extends from the roof of a car to an arrester situated near 
the floor of the car, directly back on itself to the top of the car 
to a circuit breaker or other connection to the apparatus. The 
wiring shown in Fig. 3 is not so objectionable as that shown in 
Pig. 4, where the lightning choke coil is shunted out of full effec- 
tiveness by induction between the parallel wires leading into and 
away from it. The most desirable connection of the lightning 
arrester and choke coil is shown in Fig. 5, where the parallel 
rising wire is carried several feet away from the connection to 
the arrester. The connection shown in Fig. 6 is not quite so 
effective as the one shown previously in Fig. 5, due to the greater 
length of wire in the arrester circuit. If it seems necessary to 
use the connection of Fig. 6, the arrester may be placed on the 
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roof of the car, in the vestibule, or under the car, without affecting 
the inductance of the circuit of the arrester. When such a connec- 
tion is used, however, a larger choke coil than in Fig. 5 is necessary 
to offset the greater inductance of the circuit of the arrester. 
Llectrostatic Induction in Car Wiring. In order to make 
the inquiry complete the subject of electrostatic induction 
should be considered. As a simple case assume that in Fig. 4 
there is a lightning arrester of high internal resistance, or assume 
that there is no lightning arrester in a circuit of thisform. When 
a high-frequency wave comes down the vertical wire it is 
impeded by the choke coil and a high potential is produced be- 
tween the parallel wires. An electrostatic charge in the form of 
a condenser charge or displacement current passes from one of 
these parallel wires to the other, thus shunting the choke coil. 
The quantity of electricity in this charge depends directly on the 
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electrostatic capacity between the wires and the potential 
difference between the wires. Can this small charge do any 
harm? It can under certain conditions. Much depends on the 
electrostatic capacity of the circuit beyond the parallel wires. 
If, for example, the capacity of the wiring is ten times the capac- 
ity of the parallel wires, then the potential of this wiring due to 
a lightning stroke will be only a tenth as great as the potential 
across the condenser formed by the parallel wires. If the wiring 
beyond the parallel wires, as is more likely, has a capacity 
more nearly approaching the value of the parallel wires, the 
danger is correspondingly greater. 

If the potential between the parallel wires reaches a value 
sufficient to puncture the insulation then, of course, the whole 
lightning charge goes directly 
into the apparatus of the car STATIC MACHINE 
without intervention from the he | 
choke coil. Furthermore, such 
a shunting of the choke coil 
will cause no burning at the 
point of discharge, as the 
dynamic current will not fol- 
low the lightning puncture PARALLEL 
between the parallel wires, ee 
and there will be nothing to eae 
indicate to an inspector that Fic. 7 
the protection of the car has 
been materially weakened. A very simple rule to follow to 
avoid such a condition is: never bring wires connected to the 
opposite terminals of a lightning choke coil within, say, a foot 
(30 cm.) of each other. Electrostatic induction in car wiring is 
so easy to avoid that it is only necessary to call attention to the 
necessity of observing the possibilities of the occurrence of the 
phenomenon. 

Experiments with Electrostatic Induction in Car Wiring. A 
test intended to show the intensity of electrostatic induction 
between medium lengths of parallel wires, without the interven- 
tion of electromagnetic induction, is illustrated in Fig. 7. As 
a source of high frequency an electrostatic machine connected 
to leyden jars is used. The gap G of the machine determines 
the value of potential applied to the jars. On the right-hand 
side, the jars are shown grounded, and on the left-hand side the 
leyden jars are shown connected to 30 feet (9.14 m.) of straight 
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wire; the middle point of this wire is connected through a small 
choke coil to the ground. A second straight wire is laid parallel 
and close to the first-mentioned wire, as shown in the figure, and 
this isolated wire is connected to the ground through a needle 
gap marked Q. For any given length of straight wire it is in- 
tended to determine the relations of the potentials at the gap G, 
which represents the intensity of the lightning stroke, to the 
potentials at the gap Q, which result from the electrostatic 
induction, and further to note if the quantity in the discharge at 
Q gap is sufficient to puncture the usual kinds of insulations. 

Results of the tests with the form of circuit shown in Fig. 7 
are given in the table below. In general, it may be stated that 
the electrostatic induction through 30 ft. (9.14 m.) of wire is 
sufficient to give potentials of 20,000 to 40,000 volts, under the 
conditions described. Two choke coils were used, one of five 
turns of No. 6 B. & S. wire on a 4-in. (10 cm.) wooden core, and 
the other of twelve turns of the same dimensions. When 
the 12-turn choke coil was used, higher potentials were 
induced through the insulation between the parallel wires. 
When the value of the G gap was 3 in. (7.6 cm.) the electrostatic 
induction produced a spark of 1.2 in. (8 cm.) across the Q gap. 
The spark across the Q gap, which represents the insulation of 
the apparatus on the car, had sufficient brightness and strength 
to damage insulation. 

TABLE of POTENTIALS OF ELECTROSTATIC INDUCTION BETWEEN PARALLEL WIRES 


30 FT. (9.14 mM.) Lone 


G gap Q gap 

inches inches Spark Needles Choke coil 
1: 0.416 snappy small 5 turns No. 6 wire on 4 in. core 
13 0.532 « e 

2 0.625 heavy a : a 
3 ° 0.92 q s # 
34 1.19 . a 
3} 1.32 4 | large 12 turns No. 6 wire on 4 in. core. 
34 1 " 25 i“ “ a“ 
5 1 F 38 “« a“ “ 
3 1.22 “ ‘ c 
2 iets ’ y 
13 1.05 less bright C g 
iL 0.84 & a g 


UnusuvaL EXxpERIENCE OF AN EtLecrric RAILWAY SYSTEM 
Due To LIGHTNING STORMS 

The middle and western portions of Colorado and neighboring 

States have always furnished an interesting field for lightning 

arrester installation because of the unusually severe disturbances 
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which arise on all electric systems in these localities, due to 
lightning storms. The street railway systems have been unable 
to escape this condition, and the problem of preserving the con- 
tinuity of service during thunderstorms in these localities has 
been a very difficult one. 

The case of the Denver City Tramway, which operates the 
majority of the street cars in Denver, and also several inter- 
urban lines, is of exceptional interest because of the attention 
they have paid to the subject of protection and the results they 
have obtained along these lines. The storm conditions in 
Denver and vicinity are as severe, in 1espect to protection, as 
any that have come to the attention of the writers. Being situ- 
ated about twenty miles east of the foot-hills of the Continental 
Divide, storm clouds which form over the mountains invariably 
pass over the city of Denver or its suburbs, and in this manner as 
many as two or three storms have been known to occur in one 
day. The duration of the storms varies anywhere from a few 
minutes to several hours, but frequently a storm of short 
duration produces as much damage, independent of its duration, 
as a much longer storm. 

The Denver City Tramway operates over about 100 miles 
(160 km.) of streets within the city limits and about 50 miles 
(80 km.) of suburban lines. The rolling stock equipment at 
present consists of about 300 cars, including work cars, etc. The 
majority of the cars are operated from one end only. 

In years previous to the summer of 1909 this company 
waged an unceasing battle against lightning. They tried 
every commercial form of lightning arrester, and a number 
of experimental devices of their own manufacture, but in spite 
of all these endeavors to minimize the number of armature 
failures from lightning, they were forced, during the most severe 
storms, to suspend entirely the operation of the system. The 
circuit breakers at the power house and substations were always 
opened during severe parts of the storms. This interruption of 
power was a signal to all the car crews to pull down their trolley 
poles to prevent damage to motors from lightning. In this 
manner, the system has been known to be at a standstill at times 
for over an hour, which meant not only a large loss of revenue 
but a great inconvenience to the public at the time when the 
weather made it most important to have local transportation. 

The suspension of service during the severest portions of 
storms seemed the wisest course, under the then existing 
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circumstances, not only for the company but also for the public. 
The large number of cars that would have been disabled by 
operation during such times would have meant a severely crippled 
service for some time subsequent to, as well as during the storm. 
Also the problem of getting disabled cars to the repair barns is 
always aggravating, even with few armature failures. If many 
cars were permitted to be damaged the service would be prac- 
tically as effectively tied up, until the damaged cars were re- 
moved, as if the power had been turned off. 

As already stated; every known’ type of lightning arrester, 
either commercial or experimental, has been tried out to de- 
termine its merits, each car being equipped with sometimes 
as many as two arresters. One of the latest forms of arresters 
used is what is known as the water box arrester. This was 
installed on nearly all the cars and in the power house and 
substations. The form of this device used on cars consisted 
of a wooden tank about three feet deep, and a foot (30 cm.) 
diameter, which was filled about two-thirds full of water. A 
metal plate in the bottom of this tank was connected to the 
metallic car frame, and the top of the tank was provided witha 
carbon electrode which was connected to the cable passing from 
the trolley base to the circuit breaker. The motorman was in- 
structed to pull down the trolley pole and to lower this carbon 
electrode so that it was in good contact with the water at the 
approach of a lightning storm, and then to resume the operation 
of the car until the storm was over, or the power was discon- 
tinued at the power house. Besides failing to give adequate 
protection this arrester was a considerable inconvenience, due 
to the fact that after about one-half hour’s. operation it would 
begin to boil over. 

Careful attention had been paid to the matter of line pro- 
tection, and on some of the more exposed lines, arresters were 
installed at every trolley feeder tap. These taps are approxi 
mately 500 ft. (152 m.) apart. 

Shortly after the first installations were made of the d-c. 
aluminum lightning arrester, this operating company ob- 
tained quite a number for installation in its power house and 
substations and also for installation on a number of the cars. 
The results obtained with these arresters during the summer of 
1909 were so promising as to lead to the equipping of the entire 
system with d-c. aluminum lightning arresters. Early in the 
summer of 1910, the wor‘ of installing the arresters on the cars 
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was started. The type of arrester installed was the standard 
600-volt d-c. aluminum cell lightning arrester. This arrester 
has no series gap nor any series resistance, thus it is connected 
directly between the trolley and ground through a 25-ampere 
fuse. Balancing resistances are used in parallel with the two 
cells to prevent unequal distribution of potential across them. 
Fig. 8 illustrates the arrester used, while Fig. 9 shows an arrester 
installed in the motorman’s vestibule. 

When the water box lightning arresters were installed 
they were located in the motorman’s vestibule at the No. 1 end 
of the car. Since this location was the most accessible place 
in the car the new darresters were installed in the same place. 
In the case of the old arresters a loop from the trolley pole base 
had been run down inside the motorman’s vestibule through a 
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choke coil, then to the top of the vestibule again, into the circuit 
breaker. This same loop was used when the new arresters were 
installed, and is shown in Fig. 10. The ground connection for 
the arrester was made as short as possible by connecting to the 
nearest piece of the metallic frame of the car. Another ground 
connection was run directly to the frame of the motor. 

In some of the older types of cars only one circuit breaker was 
used, or the two circuit breakers were in series and consequently 
the trolley bus to the controller in the No. 2 end of the car ran 
through the cable box. To minimize the induction between this 
trolley wire and also between the ground wire, and other wires 
in the “cable box,” these two wires were removed from the 


cable box and placed as far from it as the conditions would 
permit. 
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Fic. 9—DirEcT-CURRENT ALUMINUM ARRESTER AND CHOKE CoIL 
INSTALLED IN MOTORMAN’S VESTIBULE. 
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The power house and substation lightning arrester equipments © 
were brought up to date by the installation of an aluminum cell 
arrester on the panel of each outgoing feeder, and in the case of 
the power house, an aluminum cell arrester was also placed 
across each generator. 

The number of arresters on the trolley line was increased 
by the addition of all the serviceable gap arresters which were 
removed from the street cars. 

The following table gives a fairly complete summary of the 
operation of the system during the years of 1909, 1910 and 1911. 


COMPARATIVE TABLE 


Storms 1909 1910 1911 
U.S. Weather Bureau Report*.... 52 39 31 
Cars 

Total number (approximate figure). 279 279x 304 
Average No. of cars in operation 

(approximately) acsijeenmeeahlea ae 170-250 170-250 170-250 
Cats re= Wired. acghis es asew-ae vee s eos 0 193 193 
Cars not re-wired.. aeiretet : 279 86 more than 86 
Cars equipped witht ‘direct: Gisront 

aluminum lightning arrester...... 65 278 304 
Cars not equipped with direct-cur- 

rent aluminum lightning arrester 214 1 
Cars reported with armatures dam- 

agediby: lightnitigs ctu ess. sllenee 102 2 1 
Cars protected by aluminum ar- 

mesters' damaged... .6 6500500600 s0 8 1 1 
Cars protected by aluminum ar- 

resters damaged (in per cent.)....| 12 percent. 0.36 per cent. 0.33 per cent. 
Otherwise protected cars damaged.. 94 1 
Otherwise protected cars damaged 

Gniper Cente) ire nas) soli sale aoe os 43.9 per cent. | 100 per cent. 


* The United States Weather Bureau Report of gene storms gives eae a record of 
the number of days during the year on which thunder was heard by the station observer. 
Two storms occurring on the same day would consequently be reported as one, while a 
single thunder clap would be reported as a thunder storm. Although this report gives a 
smaller number of thunder storms occurring during 1911 as compared to the two previous 
years, that season as a whole was unusually severe from the standpoint of lightning dis- 
turbances. The storms were, in the opinion of several experienced engineers, as severe as 
had been encountered during several seasons past. 


During the year 1910 new cars were being gradually placed 
in service and consequently the total number of cars for the 
year was variable. 

According to the above table, during the year 1909 the pro- 
portion of cars protected by aluminum arresters which were 
damaged by lightning was 12 per cent, as compared to the 43.9 
per cent of the otherwise protected cars which were disabled 
from the same cause. During this season, the service was in- 
tentionally interrupted a number of times during the most severe 
portions of several storms. 
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For the year of 1910 the storm conditions were not con- 
sidered as severe as during the year following. There were 
no suspensions of service because of lightning, and only two 
cars had armature failures from this cause. One of these cars 
was the only car on the system which was not protected by the 
aluminum lightning arrester. 

During the year just passed, 1911, the storms were very severe, 
as stated above, but during that time only one car suffered arma- 
ture failure from lightning. There were no suspensions of service 
even during the most severe storms. In one instance, on an in- 
terurban line, lightning shattered three poles supporting the 
overhead trolley wire and a car passing at that moment suffered 
only a damaged arrester. 

At the time that the protection of the apparatus of this 
system was undertaken by the installation of the aluminum light- 
ning arresters, the protection of cars, in light of past experience, 
seemed so difficult that every known precaution was taken in 
the installation of these arresters on the cars. Besides making 
the lightning arrester circuit as short as possible and providing 
double grounds, the car wiring was rearranged on a majority of 
the cars. This re-wiring, as has been mentioned previously, 
consisted in the removal of the trolley bus, when such existed 
under the car, from the so-called cable box, to a position 
as far removed from the cable box as possible. The ground 
wire was treated in a like manner, the trolley bus and the ground 
wire generally being placed together. 

There is no better evidence of the codperation of Mr. John 
Evans and Mr. W. H. McAloney, respectively chief engineer 
and superintendent of rolling stock of the Denver City Tramway, 
than is shown by their willingness to take this precaution of 
re-wiring the cars, an entirely new procedure, entailing con- 
siderable expense. 

The uniformly satisfactory results obtained with all the 
cars during the years of 1910 and 1911, make it impossible to 
draw positive conclusions from the records of these two years 
as to the effects of this re-wiring. 

The experience during the year 1909 is noteworthy, however, 
in that it apparently demonstrates that the re-wiring was a 
valuable improvement. The foregoing table shows that during 
that year 12 per cent of the cars protected by aluminum arresters 
were damaged, whereas, during the two succeeding years, with 
a majority of the cars re-wired, less than 0.4 per cent of the cars 
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protected by aluminum arresters were damaged, in spite of the 
fact that they were operated continuously through every storm. 

This evidence would be positive enough if it were known 
that all the aluminum lightning arresters on the cars were in 
normal condition. There is a possibility, however, that on 
some of the eight cars protected by aluminum arresters which 
were damaged in 1909, the arresters had lost a portion of 
their electrolyte, with a consequent reduction in their protective 
quality. 

The resulting benefits obtained by the installation of the 
d-c. aluminum arrester may be briefly summarized as fol- 
lows: Motor failures due to lightning have been decreased to 
an almost negligible value, and this means a decidedly lower 
maintenance charge. The reliability of service has been in- 
creased many fold during the years of 1910 and 1911, no inter- 
ruptions chargeable to lightning having occurred during these 
years. 

The cost of installation and maintenance of the arresters in 
this particular case is more than offset by the decrease in main- 
tenance of motors, and increased revenues, due to continuity 
of service during thunderstorms, to say nothing of the increased 
good will of the public who could not understand the justifiable 
reasons for being discommoded by an interruption of car service. 


CHOICE OF THE TypPE oF LIGHTNING ARRESTER 


In the foregoing, the demonstrations have been conclusive 
that the d-c. aluminum arrester gives next to absolutely perfect 
protection against lightning. The application of the arrester 
directly connected is to be recommended wherever the light- 
ning is severe and where the service is important. <A par- 
ticular example of railway service where the arrester, directly 
connected, is advisable, without consideration of other factors, 
is electric locomotives. The first cost of a locomotive warrants 
a considerable outlay in any protective device that will give a 
reasonable insurance against damage to the insulation and thus 
prevent stalling of a trainen route. Putting aside considerations 
of lightning, heavy-current traction involves greater electro- 
magnetic surges and, consequently, greater risks of flash-overs 
on the commutators. The aluminum arrester has proved very 
effective on synchronous converters in preventing flash-overs and 
should be equally effective on a motor. In generating stations 
and substations, again, the advisability of using the aluminum 
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arrester, directly connected, can not be questioned. There are 
conditions, however, where the application of the arrester in its 
present form is not beyond question. The reasons for this and 
the location will now be considered. 

Where the aluminum arrester.is directly connected there is a con- 
stant leakage current of about one thousandth of an ampere, con- 
suming about one half a watt, which after a year or two produces an 
appreciable wear on the aluminum plate. Finally the aluminum 
film gets in such a bad condition that the electrolyte is boiled out. 
It is then necessary to obtain more electrolyte and usually to 
renew the aluminum plates. When the plates become old, more 
inspection is required to locate the empty jars as soon after they 
become inoperative as possible, so as not to leave the car without 
protection. Where lightning troubles are not frequent, operators 
are loath to give the arresters the desirable inspection and under- 
take the expense of renewals. There is thena field of application 
where much depends on the local conditions and the attitude 
taken by a railway company. This may be considered a border 
line where the practise is questionable. Across the border are 
situations where the best engineering dictates the use of the gap 
type. The protective devices installed along the trolley line for 
protection against lightning should surely be (in the light of 
present information) of the gap type. The reasons for this will 
become apparent when the functions of the trolley line arrester 
are taken into consideration. The use of the trolley line arrester 
is to relieve local strain on the line, and thus lessen the duty of 
the car arresters. The length of the lightning arrester circuit 
from the trolley over to the pole, down to the ground and back 
to the rail, is unavoidably long. Furthermore, the distance of any 
car from such an arrester is, in general, considerable. Therefore, 
the presence of the series gap is less objectionable than it is on the 
car arrester. Also, since the line arresters are without atten- 
dants, the use of an arrester requiring specific inspection is an 
uneconomical condition. 

The foregoing statements regarding the line arresters apply 
specifically for the protection against lightning. When it comes 
to a matter of protecting against electromagnetic surges and 
“flashing ”’ around the commutator, the gap type of arrester, 
in the present stage of development, is not efficient. 

Addition of the Vacuum Gap and Charging Gap to the D-C. 
Aluminum Arrester. Under the previous heading an endeavor 
was made to analyze the different conditions to be met and the 
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characteristics of the aluminum arrester which limited its ap- 
plication. Devices will now be described which widen the ap- 
plication of a d-c. aluminum arrester. As already stated, it is 
continuous application of potential to the aluminum cells which 
causes the wear, and thus shortens their life. A very occasional 
charge will keep the films on the aluminum plates in good con- 
dition. Leaving this charging operation to the daily attention 
of the inspector is out of the question, under the conditions which 
exist at the present time in the usual car barn. This calls for 
some automatic device. A charging gap is used which auto- 
matically closes the circuit from time to time when the car is in 
use. 

In order to meet the condition of partially dissolved film, 
which occurs after an arrester has been left disconnected for 
several weeks, a limiting resistance is placed in series with the 
charging gap. The drop of potential across this resistance is 
negligible when the film is in good condition, but otherwise 
the resistance absorbs enough of the potential to reform the 
film slowly enough to prevent overheating of the electrolyte. 

The use of the charging gap necessarily involves the use of a 
series gap ina lightning arrester circuit. An old problem in light- 
ning arrester design reappears. A large gap has an objectionably 
high spark potential. A small gap brings down the spark po- 
tential but the gap is very easily short-circuited by the splashing 
of molten metal from the crater of the arc across the gap. We 
have had this problem up for solution in the protection of appa- 
ratus operating at 100 volts or less, and have been able to produce 
an arrester with a gap about a millimeter long with a spark po- 
tential range anywhere from 500 volts up. This arrester will be 
described elsewhere. The spark potential chosen for the gap may 
be either a little above or a little below the potential of the trolley. 
If the potential of the gap is a little below the trolley potential 
then an occasional discharge will take place across the gap when 
the charge in the arrester leaks out sufficiently to bring the dif- 
ference of potential between the arrester and the trolley to a 
value equal to the spark potential of the gap. 

The phenomenon taking place here is simple. The aluminum 
cells take a charge like an ordinary electrostatic condenser, and 
maintain a proportional potential so long as the charge is there. 
The charge gradually leaks through the film. An arrester in 
good condition may require several minutes to lose its charge 
entirely. 
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Unfortunately, this device can not be used for keeping the 
film in good condition, as the gap never allows the arrester a 
charge of full trolley potential. If the spark potential of the gap 
is set slightly above trolley potential, there is more safety in the 
operation of the arrester, and very little difference in the protec- 
tive value. As already stated, the introduction of this gap 
in series with. an aluminum arrester will decrease its protective 
value by an amount which is yet unkown. Since the spark po- 
tential is only slightly above trolley potential, the objection to 
the gap lies in the unknown value of the dielectric spark lag. 
Applications of these devices have been made, and information is 
being gathered at the present time. 

The use of the charging gap for the aluminum arrester broad- 
ens its field of application. It will become applicable to many 
cases where lightning is comparatively rare. The engineering 
practise as a whole is tending towards better car protection, and 
less protection on the line. This condition is going to be the chief 
justification for the extra expense and extra trouble that is in- 
volved in the use of the aluminum arrester. The chief object 
is to keep cars moving. One aluminum arrester well installed can 
save its cost many times over by the decrease in the number of 
line arresters required. 


MacGnetic Brow-Out TyrrE or ARRESTER 


The original magnetic blow-out type of arrester was invented 
by Prof. Elihu Thomson. The design in present use was put 
in an efficient form by Mr. E. M. Hewlett and so long as the ap- 
plication was limited to potentials of six hundred volts no im- 
provement was found feasible. The increases in trolley poten- 
tials to 1200, 1800, and 2400 volts direct current, however, taxed 
the arc-extinguishing device of a single arrester beyond its limit, 
and it was necessary either to place two or more arresters in series 
or reconsider the elements for a new design. It is the theoret- 
ical and experimental treatment of these factors of design that 
it is desired to give in this subdivision of the paper. 

There are certain elements fundamental to the arrester which 
are intrinsically essential to the new design. These essential 
elements are: A gap with a magnetic field perpendicular to it; 
a slight amount of series resistance, especially where a battery is 
used on the circuit, to limit the dynamic current to a value less 
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than a short circuit when a discharge takes place across the gap; 
and an are chute to direct and help extinguish the arc. 

In the older designs the magnetic field was produced by means 
of an electromagnet shunted across part of the series resistance 
as shown in Fig. 12. When this arrester failed to extinguish 
the dynamic arc it was usually due to the loss of the magnetic 
field. The insulation of the coil of the electromagnet had neces- 
sarily a limit and when the lightning produced a drop of potential 
across the coil beyond this limit, the coil was shunted out by a 
spark. With no magnetic field to cause the arc to rise, it re- 
mained in the gap and the current continued to pass through the 
arrester until the energy loss in the resistance rod in series over- 


’ heated it and a short-circuit resulted. From the information 


collected, failures of this nature have been relatively infrequent. 

In place of an electromagnet is a permanent magnet in the 
new design. Long pole pieces are placed on the magnet to give 
a better directed and concentrated field in the path of the arc. 

The arc is made to play 
ne GAP UL into the loop formed by the 
steel of the magnet and thus 
gives the maximum remag- 
netizing effect at every dis- 
charge. As an experiment 
an arrester was made to 
magnetize its magnet from a slight amount of residual mag- 
netism. This was done by the first discharge. There are very 
important advantages that a permanent magnet has over an 
electromagnet, aside from the elimination of the relatively 
weak insulation of the coil. One of these advantages is 
connected with the choice of gap length, and will be described 
under that heading. 

Gap Length. For the protection of 600-volt apparatus it is 
naturally desirable to have the spark potential of the gap as 
little above 600 volts as practicable. In the older form of arrester 
it was found undesirable to reduce the gap to much less than 25 
mils (0.025 in.) (0.635 mm.). This is a little less than 1/32 in. 
The minimum value of gap setting was determined mostly 
by the tendency to splash molten metal from the crater of the arc 
across the gap and thus permanently short-circuit it. The mag- 
netic field around the gap was not strong enough to lift a molten 
metal bridge out of the gap. Thereis another factor in the older 
design that magnified this effect and, furthermore, made it more 
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difficult to pull the arc out of the gap into the arc chute. This 
factor consisted in the formation of an arc crater on the electrodes 
before the magnetic field appeared in the gap. The magnetic 
field coming from an electromagnet is dependent on the estab- 
lishment of a current in the coil. The time constant of the coil 
delays for a brief moment the appearance of the magnetic flux. 
As the summer time goes, this delay is infinitesimal, but in the 
time required to form a crater it is nearly a lifetime. The for- 
mation of a molten crater on the tips of the electrodes has two 
effects. First, it wears away the points of the electrodes and 
varies the gap-length; second, it requires more magnetic force to 
move an arc that terminates in a stable molten crater. When 
a permanent magnet is used the magnetic field is always present. 
The arc begins to move as soon as it appears, leaving no time for 
the formation of a definite crater. With this new condition it is 
immediately practicable to effect two important changes in the 
design of the arrester: the mass of metal in the electrodes can 
be reduced and the electrodes, no longer subject to wear at the 
gaps, can be fixed once for all with a definite minimum gap 
setting between them. Furthermore, in the absence of a molten 
crater, it is permissible to reduce the gap setting. Good results 
have been obtained with a gap of fifteen mils (1/64 in.) (0.381 
mm.) 

The Cut of the Electrodes. Although apparently only a minor 
detail, the angle of cut of the electrodes from the point upward 
has an important bearing on the successful operation of moving 
the arc out of the gap. Experiments demonstrated that with 
the available magnetic force an angle as large as 40 deg. from the 
vertical at the end of the electrode caused the arc to stick at the 
point. An angle of less than 10 deg. was too much on the other 
side, and also produced burning of the electrodes at the points. 
A full discussion of this feature and the several factors involved 
is perhaps too detailed to fall within the scope of this paper. 

The Arc Chute. The form of arc chute was the subject of ex- 
haustive experiments. At potentials above a thousand volts the 
form of the are chute is of prime importance. In the older forms 
of arrester the arc chute is rectangular, having the dimensions: 
25/32 by 1% in. (19.8 by 28.5 mm.) at the top, 7/16 by 21/32 in. 
(11 by 16.6 mm.) at the bottom, and 2} in. (57.2 mm.) high. 

The arc is thus constrained to take the form of two parallel 
streams as it is thrown out by the magnetic field. Even at 600 
volts it shoots out beyond the are chute several inches. At 
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higher potentials, and also at heavier currents than normal, the 
two arc-streams repeatedly break into each other, which shortens 
the arc and thus prevents it from attaining a length sufficient to 
extinguish itself. The natural tendency of the magnetic field is 
to open the arc into an arch or loop, and the first requirement 
in a new design is to lengthen the arc chute so the loop can be 
opened sufficiently to prevent the potential from striking across 
as the arc is lengthened. 

The lengthening of the arc chute is carried down to the 
lower part at the electrodes. This allows the arc to run back 
along the electrodes and the craters are formed at spots on the 
electrodes where burning will do no particular harm. 

The next dimension to be determined is the width of the arc 
chute. Narrowing down the arc chute flattens out the moving 

arc and by exposing a large surface 


Lt | to the cooling contact with the walls 
Ut s of the chute, chills it and thus aids 
pen see ees and hastens its extinguishment. 

u iy There is, however, a minimum width 
m ee ye below which the arc will not be extin- 

a ie guished. This minimum width is 

\ a reached when the friction of the arc 
eon against the walls of the chute becomes 
SSS ===) 50 great that the available force from 
nea the magnetic field is unable to move 


the arc rapidly up the chute. Any 

further restriction causes the arc to hold across the electrodes. 
The Lower Aperture of the Arc Chute. It is necessary to leave 
an air vent at the lower end of the arc chute to prevent the for- 
mation of a partial vacuum back of the moving arc. Without 
such a vent the air pressure in front of the arc will stop its pro- 
gress up the chute and the walls of the chute will, consequently, 
be melted by the intense heat of the arc. 

The Arc Grid. If the arc chute is made high enough the arc 
may be extinguished inthe chute. For use with potentials above 
a thousand volts, the arc chute becomes ungainly in height. 
Therefore another device is added to aid and complete the extin- 
guishment of the arc. It consists of many metal plates laid on 
their edges at the top of the arc chute, and perpendicular to the 
chute. These metal plates are insulated from each other and 
spaced afractionofaninchapart. (Fig. 13.) When the arc rises 
out of the chute it is broken up into as many parts as there are 
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spaces between the plates of the grid. The grid becomes, in 
effect, a multiple gap arc extinguisher. In these gaps two effects 
are present. First, the arc is cooled by contact with the cool 
metal of the grid, and second, each are absorbs 45 volts or more 
at its electrodes. Forty-five volts is the minimum potential that 
can establish an arc, therefore if there are fifteen plates in the 
grid the arc can not be established between the plates of the grid. 
Incidentally it may be of interest to note that the effect of this 
multigap arrangement differs from its usual application to alter- 
nating currents. While in direct currents the e.m.f. available 
for extinguishing the arc is only the potential of the arc, in al- 
ternating currents the arc is extinguished naturally at the end of 
the half cycle and it becomes a matter, not of maintaining an 
arc, but of reestablishing an arc in the reverse direction in the 
partially cooled vapors. According to the circumstances, to re- 
establish the arc requires a potential running up into the hun- 
dreds of volts. 

By using a grid- consisting of sixteen plates or more in an 
arrester designed for 600 volts direct current, an arc will be en- 
tirely extinguished by the grid and will emerge in the form of 
heated but de-ionized gases. These gases are passed around to 
the bottom of the arc chute again; thus it is no longer necessary 
to have the arc discharge into the open. The arrester is, con- 
sequently, enclosed and requires no containing box of wood. 

Series Resistance. The mechanical conditions call for a re- 
sistor of dimensions as small as practicable. The electrical 
conditions of protection call for as low an ohmic resistance as 
practicable. Between these two requirements the resistance rod 
becomes the first part to fail if the current, due to some accidental 
condition, is not interrupted. This is one reason why the rod 
is placed outside the metal-porcelain containing box. Another 
reason for placing the rod outside is for ease of inspection. It 
is aimed to have the design such that an inspector may be assured 
that the arrester is in good condition if the resistance rod is in- 
tact. Since the arrester is designed especially for line use, it 
can be inspected in such a position from a trolley car running 
at full speed. Still another reason for placing the resistance 
rod externally is to insure, in the few cases of accidental damage, 
that the circuit can be immediately cleared. One of the most 
disastrous things to the service is to have a persistently short- 
circuited line arrester in an enclosed box on a section of a trolley 
and be compelled to inspect each individual arrester to locate 
and remove the trouble. 
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Although the new arrester has an ample factor of safety in the 
design, it is desirable to allow for extreme and untoward condi- 
tions by so constructing it that a persistent short-circuit after 
the circuit breaker has gone out is impossible. This is accom- 
plished by choosing a resistance rod such that a persistent cur- 
rent through it will overheat and crack it into pieces. On the 
other hand, the rod will withstand many successive discharges 
without damage. A single discharge on a 600-volt circuit raises 
the temperature about 3.5 deg. cent. when the arrester has a 
5-ohm series resistance. It is proposed, then, to place the 
rod out in the open when the arrester is installed on a pole. 
When installed on a car, however, the rod is to be placed in a 
porcelain tube in order to insulate it against any possible con- 
tact with persons. 

Summarizing, a new design has been made of a higher-po- 
ae tential arrester involving a 
ee shorter gap length, a perma- 
y : ; nent magnet that prevents 
burning at the electrodes, a 
“narrow long arc chute pre- 
senting a large cooling surface 


pe eee ae to. the are,an arc-grid» of 
= = 


= metal to insure entire extin- 
=e Te caacis guishment of the arc, and a 
return path for the gases. All 
these parts are entirely en- 
closed and a resistance rod is placed externally in series. See 
Fig. 14, Plate XX XVIII. 

Oscillographic Studies. Some oscillographic tests are given to 
illustrate the exact relations of current, potential, and time in the 
arrester. The first group of oscillograms illustrates the early 
stages of the development when the effect of the form of the arc 
chute, strength of magnet, etc., were being determined. The 
second group of oscillograms was taken on the arrester in its 
final form. © 

Oscillogram Fig. 15. This oscillogram is selected to show 
especially an incidental phenomenon of the test, namely, the 
effect of poor contact of a strip of gold leaf placed in the gap 
of the arrester to start the dynamic current. On the potential 
vibrator, which is the upper record, the potential rises to about 
600 volts when the main switch is closed, it then drops slightly, 
rises again, and then drops back to about 50 volts. Fifty volts 
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is the potential of the arc of 120 amperes as it is first established 
in a 15-mil (0.038 mm.) gap. It should be noted that the current 
does not start until the instant of drop of potential to 50 volts. 
This is more than a milli-second after the potential is applied to 
the fuse of gold leaf. Although this delay of the establishment 
of the dynamic current has no practical significance, the length of 
the delay is remarkable. 

As a further comment it required 18.5 milli-sec. to extinguish 
the arc. During this time the arc was being gradually driven 
up the arc chute and thereby lengthened; the record of the volt- 
age shows that the potential of the arc rose correspondingly to 
about 500 volts and then as the arc was suddenly extinguished 
rose quickly to trolley voltage. Further comments on the details 
are reserved until the next oscillogram, where they are shown ona 
larger scale. 

Oscillogram Fig. 16. Walls of arc chute of asbestos. Gap 
leng this 15 mils (0.038 mm.). 
Resistance in series is 1.7 ¢ 
ohms. Angular cut of elec- 
trodes is 15 deg.: (Fig. 17). sm 
Height of arc chute 3.5 in. 
(8.89 mm.), length of arc a 
chute 2.5 in. (6.35 mm.). pee ape 
Width of arc chute about } in. 
(6 mm.) at outer end. 

The upper record is the voltage across the gap alone. The 
lower record is the dynamic current through the arrester 
gap. The voltage terminals of the oscillograph happened to be 
reversed, relative to the current vibrator terminals. 

Characteristics of the Current Curve. The form of the current 
curve is typical of all the tests made in the laboratory on the 
city trolley circuit. The current rises suddenly, drops back 
relatively slowly, then rises slowly to a maximum. An exact 
explanation of this is not known. It seems that the first 
rush of current comes from the stored energy in the near part 
of the trolley (the laboratory is about a mile from the power 
house). Since we would scarcely expect to find so much 
stored energy in the electrostatic field of a 600-volt circuit, we 
might look for the stored energy in car motors. After the drop 
back in the current, the gradual rise on the main part of the 
wave is evidently due to the choking effect of the inductance 
in the rails and trolley, and also in the generator. The time 
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constant of this circuit is approximately 1.5 milli-seconds to 
2 milli-seconds. The current never reaches its maximum pos- 
sible value because as the current rises the arc is being drawn 
out by the magnetic force and is gradually absorbing the poten- 
tial. When the current reaches its maximum (in about 3 milli- 
seconds), the potential across the arc has already risen to over 
180 volts. 

Characteristics of the Voltage Curve. The spark in this test 
was started by the discharge of an induction coil. As remark- 
able a thing took place as in the previously shown oscillogram 
when the arc was started by means of a gold leaf fuse. The 
potential across the gap drops suddenly to approximately zero. 
While the current is rising suddenly to 160 amperes, (about 
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= POSIMVE \ NEGATIVE 
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- 0.2 milli-seconds,) the arc does not apparently form. At the end 


of this time, however, the arc suddenly assumes a potential of 
230 volts, and gradually drops back to about 100 volts before 
it again begins to rise. An explanation of this is not evident 
on the face of it. Apparently the explanation is as follows: 
At the first instant the spark from the induction coil starts 
the dynamic current but the spark cannot form into an arc be- 
cause a strong magnetic field is moving the spark up the cut of 
the electrodes so rapidly that no spot is given sufficient heat 
toforma crater. Without a crater no metallic vapor is formed. 
The characteristic of an arc is the electric conduction by the 
vapor of the electrodes. A spark, which is heated air, is the con-’ 
ductor in this case. It has dead resistance but no appreciable 


“apparent counter e.m.f. similar to the drop of potential at the 
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positive electrode of an arc. As soon as the spark is lifted out 
of the 15 deg. angle of the electrodes its terminals are carried 
more slowly horizontally along the electrodes and there is time 
given to heat the copper at a spot to the melting temperature 
and consequently the arc appears. 

With a current of more than 100 amperes flowing when the 
arc potential first appears it is not at all evident why the 
initial arc potential should be as great as 230 volts. An 
attending circumstance is a decreasing value of current at this 
time. When an arc is formed by a gradually increasing current 
the potential starts high, and diminishes as the current increases, 
but here is a case where the current is high and simultaneously 
the potential across the arc is also high. The question arises— 
what has become of the conducting gases of the spark? No mat- 
ter what scientific explanation is given of this phenomenon, there 
is one practical result of great value in the operation of the light- 
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ning arrester: there is not the slightest indication of burning 
at the sharp points of the electrodes due to the discharge. 

Commenting on the later part of the voltage curve, the po- 
tential rises uniformly in a most desirable manner until the are 
current drops to about 80 amperes. At this time the potential 
across the arc is nearly full trolley potential and the arc becomes 
unstable and flicks rather suddenly. As the arc is extinguished 
the surge of electromagnetic energy raises the potential of the 
trolley to 160 volts above its normal value. While there is no 
harm in this small rise it is an indication that it is possible 
to make the design such as to greatly magnify this value. At 
the time these tests were made it seemed undesirable to reduce 
the total time of the are below 4 milli-sec. It is not a question 
of strain on the insulation by this rise of potential so much as an 
increased risk of starting a “ flash’? around the commutator 
of some motor in the neighborhood. The final design must ex- 
clude this objectionable feature. 
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Incidentally the oscillogram shows that the natural period 
of oscillation of the trolley system is about 3 milli-sec., or in 
terms of the frequency, 333 cycles per sec. This is shown by the 
oscillation in the potential curve after the current is reduced to 
Zero. 

Oscillogram Fig. 18. This oscillogram is given to show 
especially the bad effect of large angular cut of the electrodes. 
In the previous oscillogram the cut of the electrodes was 15 deg. 
from the vertical. In the present oscillogram the only change is 
to a cut of 38 deg. to the vertical. The result was that the arc 
was not extinguished by the arrester and the circuit breaker 
in series finally opened the circuit. The electrodes were very 
badly burned at the points, showing that the arc did not rise. 

Comments on the Current Curve. Again the characteristic rise 
of the current in the d-c. circuit at some distance from the 
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‘power house appears. In this case the current was not limited 


and it rose to its full value of 336 amperes. The light of the 
vibrator was cut off before the circuit was opened, therefore the 
curve is shown incomplete—that is to say, it does not return to 
ZeTO. 

Comments on the Potential Curve. ‘The beginning of the poten- 
tial curve differs considerably from the one given in the previous 
oscillogram. The potential does not drop to zero when the cur- 
rent starts, but maintains its full value for a brief period, then 
drops to a low value and rises as the current drops back after the 
first current rush. The potential then drops to approximately 50 
volts and retains its value constantly, showing that there was no 
elongation of the arc. 

Oscillogram Fig.19. This test is a repetition of the previous 
test. New electrodes were placed in the arrester with the same 
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38-degree angular cut from the vertical. The'\ objectionable 
feature of this large angle at the electrode is again represented 
in this oscillogram, although the arc was finally extinguished 
after the second trial. 

General Comments. The voltage curve at the start is again 
different from all the preceding oscillograms. In this case the 
voltage drops rapidly at first and then gradually to 50 volts 
without any reversal on the way. It will be noted that in this 
case again the arc sticks in the electrodes and the potential 
remains about 50 volts for nearly 10 milli-sec. The arc, however, 
is shifted out of the electrode, although it sticks back along the 
electrodes several timesinrising. Finally after about 21 milli-sec. 
the arc is put out. After about 6 milli-sec. more of zero current 
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there was evidently a second, and accidental, discharge from 
the induction coil starting the arc again across the gap. Since 
the electrodes were already burned back the arc was extin- 
guished the second time much more easily than the first time. The 
light on the film was cut off the voltage vibrator a little bit early, 
and, therefore, the record is not complete back to trolley poten- 
tial. This oscillogram shows a bad condition both for the elec- 
trodes and the arc chute. The condition of the arc chute was 
not brought out in the previous oscillogram. 

Oscillogram Fig. 20. A resistance of 6.7 ohms was in series 
and the angular cut of the electrode was 5 deg. It will be noted 
that the arc stuck between the electrodes for a considerable time. 
In this case the trouble was due not to the angular cut of the 
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electrode so much as to the lack of force from the magnetic 
field of the arc. It will be noted that by an increase in the 
Series resistance the current has been materially reduced 
and the force on the arc is directly proportional to the value 
of the current. In this case it required 17.8 milli-sec to ex- 
tinguish the arc. 

In this stage of the development the value of allowing an air 
vent under the electrodes was not fully appreciated and it may 
be that this factor is also involved in holding the arc in the gap 
longer than is desirable. 

A third record is shown in this case to determine the time of 
rise of the arc in the arc chute. A voltage vibrator was con- 
nected with one terminal to the negative electrode, and the 
other terminal was connected to the platinum wire shown at B, 
Fig. 17, which was laid across the outside of the arc chute 
directly above the electrodes. The distance was 33 in. (82 mm.) 
from the electrodes to the platinum wire. It required 114 milli- 
sec. for the arc to reach this platinum electrode. It will be 
noted also that after the series current in the arrester ceases 
there still remains an arc from the positive electrede to the 
platinum wire. These hot gases remain conductive to the 0.1 
ampere taken by the voltage vibrator for 1.3 milli-scc. after the 
main arc has been interrupted. 

Cross lines are drawn on oscillogram Fig. 20 to relate the records 
to equaltime. The following list is given of the time relations: 

From line 0 to line 1 the voltage drops to the arc value or 
practically zero in 0.6 milli-sec. The voltage remains at this low 
value for 3.1 milli-sec. At cross line 2 the current rises to 120 
amperes. In the time between the cross lines 3 and 5 the current 
gradually drops and the voltage rises. Cross line 5 is timed 
when the arc strikes the platinum electrode, and is 11.5 milli-sec. 
from the beginning. Between cross lines 5 and 6, which is 0.4 
milli-sec., the arc potential at the platinum rises to 120 volts 
above the negative electrode. In other words, this is the drop 
of potential from the middle of the arc to the negative electrode. 
At the cross line 8 the main current is reduced to zero and the 
voltage from the platinum electrode to the negative terminal 
constantly rises from 240 volts to 400 volts. The rest of the 
575 volts of the trolley, that is, 175 volts, is the drop in potential 
along the arc from the platinum wire to the positive terminal. 
The time between cross lines 8 and 9 is 0.2 milli-sec. After 
the main current ceases, the arc vapor between the positive 


880 CREIGHTON, SHAVOR AND CLARK: [May 17 


electrode and the platinum exploring wire gradually cools, as 
the tenth of an ampere taken by the oscillograph is not suf- 
ficient to maintain the vapor conductive. This arc gradually 
absorbs the voltage away from the oscillographic voltmeter 
and reduces the voltage to zero. This requires 1.3 milli-sec. 
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Oscillogfam Fig. 21. A series of tests was subsequently made 
to determine the position of the arc relative to the electrodes and 
arc chute, at every instant. It is thought that the details of 
this study are too much involved to be of general interest, 
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and therefore these oscillograms are omitted. Oscillogram 
Fig. 21, however, is given to show two positions of the arc. 
This illustrates the method of study. 

The platinum exploring electrodes were located at the 
points A and B, as shown in Fig. 17. A is at one end of the 
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arc chute, over the positive electrode, and the point Cis at the 
other end of the are chute, over the negative electrode. In 
both records 1 and 38 on the oscillogram the other vibrator 
terminals are connected to the negative electrode. These 
exploring voltage vibrators then measured the drop of potential 
from A to the negative electrode along the arc, and from B to the 
negative electrode along the arc, so long as the arc was complete 
between the positive and negative electrodes. 

Oscillogram Fig. 22. Subsequent to the last oscillogram, 
carbon electrodes were laid on top of the copper electrodes 


_ in such a way that.after the arc was raised out of the gap the 


craters formed on the carbon. This carbon arc was more diffi- 
cult to extinguish than the copper arc. With all conditions the 
same, the time was increased from 15.8 to 19.5 milli-sec. 
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Oscillogram Fig. 23. In this oscillogram a metallic grid was 
used over the arc chute to aid in extinguishing the arc. In order 
to determine how far through the grid the arc penetrated, the 
platinum electrode at position B, Fig. 17, was inserted half-way 
through the grid. The arc ees this electrode, as shown in 
thelower record. The resistance in series was6.6ohms. Thearc 
was extinguished in approximately 5 milli-sec. One small ir- 
regularity in the decrease of the current is shown, but the arc 
was extinguished without any heavy surge in potential. 

The grid consisted of 17 pieces of flat copper sheet spaced i in, 
(3.2mm.) apart. The depth of the grid was ¢ in. (22.2 mm. yin 
the lower record the other terminal of the voltage vibrator was 
connected to the positive electrode. The fact that the current 
persisted in this vibrator after the main current had been 
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reduced to zero shows the persistence of the vapor at positive 
electrode even after it is cooled at the negative electrode. 
Oscillogram Fig. 24. This oscillogram was taken with slight 
improvements in the arc gridand the are chute. The resistance in 
series was the same as in the previous case. Decrease in cur- 
rent and change of potential 
are satisfactorily uniform. The 
exploring electrode of platinum 
was placed just below the top 
of the arc grid. The absence of 
any curve on the lower vibrator were 
indicates that the arc did not re wary Es 
reach the exploring electrode. 
Oscillogram Fig. 25. In con- 
trast to the oscillogram Fig. 24 
where the operation of the ar- —_ E,OF ARC JUST BELOW TOP OF CRID 
rester was satisfactory, this 
earlier oscillogram is given to 
show an improper design of arc chute and auxiliary devices. In 
this oscillogram the arc chute was shortened and a metallic 
ladder placed up the side of it. The arc chute was so short 
that as the arc rose into an arch it kept restriking across a 
shorter length for a considerable time. This is a condition 
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that never exists in a normal arc chute of porcelain, and shows 
the impracticability of using a metallic ladder in the arc chute 
under the conditions tried. The duration of current was 35 
milli-sec. 

Oscillogram Fig. 26. Discharge of a lightning arrester on 1790 
volts direct-current—lightning arrester placed near the gener- 
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ators. Potential furnished by two generators in series, rated 
500 kw., 1500 volts, each machine under-excited. Resistance in 
series, 20 ohms. Maximum current, 60 amperes; total time of 
discharge, 16 milli-sec. 

The voltage wave shows a drop from 1790 volts to 210 volts 
at the first instant of discharge. This large drop is accounted 
for by the large reactance in the generators. This same reactance 


—_> 


— 
y 1790 VOLTS aahiais 
¥ 210 VOLTS {420 VOLTS —1475|VOLTS 
w2 ———6 — 
1 
' K—13.5 M.S 


= 


Veo AMPS. Neo AMPS. 


Pie. 26 Inites, Yay 


of the generator causes a rise in potential over the normal 
potential of the circuit when the arc has been extinguished in the 


- arrester. 


Oscillogram Fig. 27. Discharge of lightning arrester on 1475 
volts, direct current. Lightning arrester placed near the gener- 
ator. Potential furnished by two generators in series, rated at 

500 kw., 1500 volts, each machine 

eee eerie under-excited. Resistance in series, 
E-ACROSS LINE . 

15 ohms. Maximum current, 60 


440.V. 2 ; { 
Ke aus  ainperes; total time of discharge, 


E-ACROSS ARC 575.V. 134 milli-sec. 
. plo 50.N. Again in the voltage wave is 
% shown the rise of potential at the 
|, ES end of the discharge due to the in- 

ductance of the generator. 

<— 25.5. AMPE, Oscillogram Fig. 28. Discharge 
of single arrester on 575 volts, 
at one mile (1.6 km.) from the 
source of power. Potential furnished from the city trolley. 
Resistance in series, 22 ohms. 
In this record not only the current in the arrester and the 
potential across the line are given, but also the potential across 
the arc in the arrester. By arrangement of the oscillograph, 
the potential vibrators deflected in the opposite directions 
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The potential across the arc drops to 50 volts at the first 
instant of discharge, and the potential across the line drops 
to 440 volts. Both potentials recover their original values in a 
somewhat irregular manner. 

The irregularity in the potential is due to the variations 
in the current, which in turn are due to the condition of the 
arc chute. The total duration of the arc is 2.6 milli-sec. 

It will be noticed in the middle record that the voltage 
across the arc sticks at 50 volts for a considerable fraction 
of the whole duration of the are. This is due to the fact 
that the current is reduced to a value so low that the force from 
the magnet is not sufficient to drag the arc out of the gap 
quickly. In each of the following oscillogram figures, the re- 
sistance is successively lowered. =e 


Oscillogram Fig.29. Discharge ~“"~e-ackoss une 


of single arrester on 580 volts saccade 
at one mile (1.6 km.) from the ~ Nov. 
source of power. Potential fur- ee 
nished from the city trolley, ======5 ae 
Resistance in series, 10 ohms. 

In this record not only the cur- 
rent in the arrester and the po- 
tential across the line are given, 
but also the potential across &3 AMPe,—> 
the arc in the arrester. By 
arrangement of the oscillograph 
_the potential vibrators deflected in opposite directions. The 
potential across the arc drops to 50 volts at the first jn- 
stant of the discharge, and the potential across the line drops to 
220 volts. Both potentials recover their original values in a 
somewhat irregular manner. 

The irregularity in the potential is due to the variations 
in the current, which in turn are due to the condition of the 
arc chute. The total duration of the arc is 2.5 milli-sec. The 
slight reversal of the current as it is extinguished is due to the 
presence of an aluminum cell which was used to protect other 
apparatus on the same line. 

Oscillogram Fig. 30. The conditions of this oscillogram are 
similar in every way to those of the previous oscillogram except 
that the resistance was reduced to five ohms. Variations in the 
current potential are somewhat more marked. 

Oscillogram Fig. 31. The conditions for this oscillogram are 
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the same as for the previous one, except that no series resistance 
was used. In this case the arrester was depended upon to draw 
out the arc more rapidly than the current rose in the circuit in 
order to limit the value of current in the arrester to less than 
short-circuit value. 
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The current and potential waves are very much smoothed out, 
due to a better condition of the arc chute. The current rose to 
a maximum of 184 amperes with a duration of 4.3 milli-sec. 
It has been pointed out before that the initial rise and drop 
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in the current which is characteristic of the discharge at some 
distance from the power house is probably due to the capacity 
effect of the line. 

In the foregoing selected tests the endeavor has been to 
show how the elements of design of a lightning arrester are 
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predetermined, and the methods used for doingit. No attempt 
has been made to show the tests and methods for determining 
all the detailed relations of the different parts and dimen- 
sions of arc chute, dimensions and spacing of arc grid, strength 
of magnetic field, distribution of magnetic field, total energy 
dissipated in the series resistance, total permissible energy 
in the resistance, quantity of electricity, time of discharge, etc., 
but it is hoped that sufficient experiments have been shown 
to demonstrate that the design of the lightning arrester can be 
made with as great an accuracy as any other commercial elec- 
trical apparatus. It is possible to state what an arrester will do 
under various conditions of discharge imposed upon it, and what 
degree of protection it will give under each condition. In 
other words, it is possible to state the limitations of each arrester, 
when it will fail to protect, and when it will fail to extinguish 
the dynamic arc and be self-destroyed. Each arrester requires 
a specific rise of potential before it will spark, and after the spark 
it will allow a definite value of current to flow without raising the 
potential to a dangerous value. This value of current is 
determined by Ohm’s law. For example: Ifan arrester has 20 
ohms in series, then at 1200 volts, which is double the usual 
trolley potential, the discharge current will be 60 amperes. If the 
gap sparks over at 1200 volts and the lightning discharge is 
relieved by a discharge of 60 amperes, then no damage should 
result. If, on the other hand, the resistance in the lightning 
arrester is 2400 ohms, then in spite of the fact that the gap sparks 
over on 1200 volts the arrester cannot discharge at a greater 
rate than 4} ampere, and it is, therefore, limited to discharges 
which will be relieved by a discharge rate of } ampere. 

It will be seen from this discussion that an arrester can be 
designed to discharge safely lightning strokes of any desired 
intensity, and that it is entirely a question of compromise 
between the cost of the arrester, on one side, and the percentage of 
lightning discharges that the arrester will take care of, on the other 
side. Under the best conditions attainable in this type of 
arrester it cannot be made to give as perfect protection as the 
aluminum cell arrester. On the other hand, its up-keep is less, 
at the present time. 
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PROPAGATION OF IMPULSES OVER A 
TRANSMISSION LINE 
"BY J. H. CUNNINGHAM AND C. M. DAVIS 
The investigations outlined here were made last summer on 

the artificial transmission line described in a previous paper.! 
Briefly, this line consists of 400 glass cylinders 6 in. (15 cm.) 
in diameter and 44 ft. (186 cm.) long. Upon these are wound 
240 turns of No. 8 B. & S. copper wire and the inner surface is 
lined with tinfoil, cut so as to avoid secondary currents. The 
constants of the total line are as follows: 


GADacit yee ee crore eS. wirvtist dx 1.153 X10~ farad. 
d WMMCCAR CCA eter a eats Doge ws -« «ai Oe 411 henry 
HME SUSU ATI OG err urera an er ee ahe Pein t 96.2 ohms 
1 
Natural pertod———————— 363 cycles (quarter wave) 
4VELC 
186,000 


Equivalent length = 128 miles =206 km. 


ns 

The line is equivalent to one wire 128 miles long with resist- 
anceless ground return, that is, one phase of a grounded Y 
system. 

Voltage impulses were sent over this line and were produced 
by suddenly impressing a continuous voltage upon the low-ten- 
sion winding of the step-up transformer to which the line was 
connected. This caused the current, and with it the flux, to 
rise, and in turn induced a voltage in the high-tension winding 
and the line. 


1. Design, Construction and Test of an Artificial Transmission Line, 
TRANSACTIONS A. I. E. E., 1911, XXX, I, p. 245. 
887 
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Difficulty was experienced in finding a suitable switch with 
which to close the circuit. After trying an ordinary knife 
blade switch, a solenoid-operated carbon contact switch and an 
oil switch, a very simple drop switch proved to give the best 
results. This consisted of a copper rod dropping about seven 
inches into a cup of mercury. The contact was always positive 
and gave currents and voltages free from all irregularities due 
to arcs or multiple contacts. 

The transformer used was rated at 125 cycles, 3 kw., 110/2200 
volts, and was modified in construction by removing one end 


of the core in order to increase the magnetic energy, 3» 80 


as to get an impulse of sufficient energy to be observed by the 
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oscillograph. This open magnetic circuit also eliminated the 
effects of saturation. 

The method of operation can be described by reference to 
Fig. 1. The transformer was connected to the generator with 
the resistance r; in series and the resistance rz in parallel. The 
reversing switch, drop switch and oscillograph vibrators were 
connected as shown. The object of the arrangement of resist- 
ances r; and rz was to control the magnitude and character of 
the impulse by controlling the current and voltage.2 With the 


2. See Disruptive Strength with Transient Voltages, by J. L. R. 
Hayden and C. P. Steinmetz, Transactions A. I. E. E., 1910, Vol. 
XXIX. Part II, page 1125. 
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drop switch closed the resistance 7; was adjusted to give the 
desired current, Io, and with it open the resistance rz was adjusted 
to give the desired voltage Ey. Tests were made with [y= 
25 amperes and Hy=75 volts, and with J,=25 amperes and 
Fo = 225 volts. 

The reversing switch was inserted so that by throwing it 
over and back each time before taking a record the residual 
magnetism was constant in direction and amount. 

With I) and Ey adjusted, the drop switch was closed and oscill- 
ographic records of the voltage and current were made on the 
low-tension side of the transformer, at the beginning, at the 
middle and at the end of the line. Time was marked by a 60- 
cycle voltage wave. Records were made thus with the trans- 
mission line open at the end, short-circuited at the end and 


closed by 600 ohms (= ve non-inductive resistance. 


Several of the oscillograms taken are reproduced herewith, 
and a study of them is interesting. Fig. 2 shows the current 
and voltage on the low-tension side of the transformer when the 
line is not connected to it. Fig. 3 shows the same impulse on 
both the low-tension and high-tension sides of the transformer: 
€) and é; respectively. The curve e,, then, gives the general 
shape of the voltage impulse impressed upon the line. A 60- 
cycle timing wave is also shown, from which it is observed that 
the impulse lasts about one cycle, or 0.017 second. 

If the line were infinite in length the impulse would travel out 
over it until all its energy was dissipated and it would thus 
vanish. This condition can be reproduced on a line of finite 


length by closing the end with just enough non-inductive resis- 


tance to absorb all the energy of the impulse.. This resistance 


is numerically equal to ve Figs. 4 and 5 show the voltage 


and current of an impulse propagated over such a line. The 
curves €; of Fig. 4 and 7; of Fig. 5 show the voltage and current 
at the beginning of the line, e2 and 72 at the middle, and e; and 
13 at the end of the line. 

The figures just referred to show very clearly how the impulse 
progresses along the line, dying out in intensity as it goes. The 
velocity of propagation can also be observed by noting the 
points at which the successive curves begin. Thus e, begins a 
little later than e1, similarly e; begins a certain time after é2 
and twice this time after e,. The same may be observed in the 
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case of 7,, 72 and i3. The velocity of propagation was measured 
as 0.78 milli-second; that is, 0.78 milli-second after the drop 
switch was closed the impulse reached the end of the line. 
Since the velocity of propagation over a straight transmission 
line in air is known to be that of light, 3X10! cm. per sec. 
(neglecting resistance), the artificial line has an equivalent 
length of 233 km. (145 miles), or about 13 per cent longer than 
calculated from the measured inductance and capacity. 

If the line is not infinite in length, and, furthermore, if it is 
short enough so that the impulse does not die out before reaching 
the end, it is interesting to see what takes place. The impulses 
which are impressed upon the line are impulses of energy, 
although the oscillograms we obtained of them show only the 
component parts, the voltage and the current. On a line of 
infinite length the impulse of energy would travel along until 
it was all dissipated, but on a short line it reaches the end, and, 


(ea ieee t= b42-S 


a 52 aS, 


depending upon the electrical condition at the end, it is disposed 
of in various ways. We will consider two cases in detail; first 
when the line is open, and second, when it is short-circuited. 

Taking the case of the open line and referring to the diagram, 
Fig. 6, the transmission line is represented connected to a 
transformer, the middle of which is grounded. 

Assume that the impulse is of such polarity that when it is 
impressed upon the line it makes the upper line positive, as 
indicated. The voltage of the impressed impulse causes corres- 
ponding currents to flow, as shown by the arrows 1 and 1’, which 
flow in the direction corresponding to the direction of the 
voltage. These two currents with their voltages now travel 
along the line and at some later instant are at positions 2 and 2’. 
(The numerals are placed at the ends of the arrows in the direc- 
tion of propagation along the line.) At a later instant they are 
at 3 and 3’, and finally reach the end of the line, 4 and 4’. Now 
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the energy is at the end of the line, but it will not stay there if 
there is a possible outlet for it. Obviously, since the line is 
open, the only outlet is back the way it has just come; thus, the 
current reverses and the energy travels back to the home end 
of the line as indicated by the dotted arrows. Since at the 
moment of the reversal the far end of the line becomes the 
source of energy and the current takes the direction as shown by 
the dotted arrows, the voltage must have a direction as indicated 
by the plus and minus signs at the far end. 

The case of the short-circuited line is represented by the 
diagram Fig. 7, where, as before, the impulse is represented as 
starting with the currents 1 and 1’, and the voltage as indicated. 
Similarly, this impulse travels along the line until it reaches the 
far end, but now there is an outlet for the energy afforded by the 
short circuit, so the currents in the two wires merely keep on 
flowing around the circuit and the energy flows back as indicated 
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by the numerals. In this case, at the moment of reversal, 
when the far end becomes the source of energy, the direction of 
the voltage would have to be as indicated by the plus and 
minus signs. 

As far as the energy is concerned the two cases just described 
are identical; in both, the energy travels from the home end 
to the far end of the line and back to the home end again, and 
if it is not all dissipated by the time it gets back to the starting 
point, it will again travel out over the line, continuing thus back 
and forth until it dies out. We may therefore consider the energy 
impulse as being “reflected ” each time it reaches the ends of 
the line. Likewise, by analogy, we may speak of the current 
and voltage of the energy impulse as being “reflected, ’’ and since 
in this investigation we know of the energy only through the 
agency of oscillograms of current and voltage, it is a very useful 
term. 


892 CUNNINGHAM AND DAVIS: [May 17 


By the above study of reflection from open and short-circuited 
lines we see, in the case of the open line, that the voltage re- 
mains in the same direction and the current reverses after 
reflection, while in the short-circuited line the opposite is true— 
the current remains in the same direction and the voltage reverses. 


é 


OUTGOING IMPULSE REFLECTED IMPULSE 


There are other conditions which may exist at the far end of 
the line, viz., closed by inductance, by resistance, or by any 
combination of them. When the line is closed by an inductance 
part of the current passes over it, as with a short circuit, and 
part returns by the same wire it started over. Thus the reflec- 


OUTGOING IMPULSE REFLECTED IMPULSE 


tion is intermediate in nature between the reflection from open 
circuit and that from short circuit. 

Figs. 6 and 7 show the line as composed of two line wires with 
the ground midway between them electrically. On the artificial 
line the connections were such as to give only one wire with a 
ground return. This would be the case in a three-phase Y- 
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connected system with grounded neutral and two of the line 
wires disconnected. 

In order to get a clear idea of the way these impulses and their 
various reflections may be recorded by an oscillograph, let the 
line be assumed so long that the out-going impulse has time to 
die away before the reflected impulse returns to the home end 
of the line. If an oscillogram of the voltage and current were 
taken at this end it might look something like Fig. 8, which 
shows the outgoing impulse, e, 7, and the same impulse reflected 
from the open end of the line, e’, 7’. Similarly, another oscillo- 
gram may be assumed giving the reflection from an inductance. 
This is shown in Fig. 9. Here the inductance is taken of such 
a value that it acts nearly as a short circuit, that is, the voltage 
reverses. 


e+e! 


Fic. 10 Pic. 11 


Should the line be short in comparison with the length of the 
impulse the reflected wave will return before the outgoing impulse 
has died out, and an oscillogram would appear as shown in 
Fig. 10, where the reflected impulse is combined with the original 
impulse. Further, when the oscillogram is taken at the beginning 
of the line it will show not only the reflection from the far end 
but simultaneously with it the second reflection from the trans- 
former coil at the beginning of the line. The latter is of the 
nature of that shown in Fig. 9. Finally, then, an oscillogram 
taken at the beginning of the line would appear as in Fig. 11. 
An actual oscillogram is shown in Fig. 12 which gives e1, 71 and 
a 60-cycle timing wave, when the line is open at the far end. 

When the line is short-circuited at the end, corresponding 
reflections exist, but with the voltage, instead of the current, 
reversed after the first reflection. Fig. 13 is an oscillogram 
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taken at the beginning of the line; Fig. 14 shows the progression 
of the current along the line. 

In the oscillograms just referred to it will be noticed that 
there is more than one reflection, in many cases three are easily 
seen. This means that the impulse does not die out until it has 
traversed the length of the line more than six times. The 
reflections after the first one may be analyzed in the same manner 
as outlined above. 

It is interesting to investigate the agreement between the 
observed impulses and those calculated from the line and circuit 
constants. Obviously, from the observed impulses the line 
constants may be calculated, and by comparing these with the 
line constants determined by observation with 60-cycle steady 
voltage, the change of the line constants due to the transient 
nature of the impulse studied. 

* For this purpose, the oscillograms are first reduced to empiri- 
cal equations by the usual method,’ and the theoretical meaning 
of these equations is then studied. At present this work is not 
yet sufficiently completed for presentation, and it will be given 
at some other time. 

It was found that the oscillograms are best represented 
by exponential expressions. 

For instance, with 75 volts impressed upon the transformer 
primary, and a transformer ratio of 10 to 1, the expressions of 
voltage and current were found to be: 

1. No line on and transformer open-circuited at the secondary: 

Primary impressed voltage e)=63 (€ 270t — € 8500t) 
Primary current 19 = 25 (1 — € 2998) 
Secondary terminal voltage e; = 670 (€ 28° — € 128002) 

2. Line connected to the secondary terminals of the trans- 
former, and closed through a non-inductive resistance of about 
600 ohms (equal to the surge impedance): 

a. At the transformer end of the line 

Voltage  e,=440 (€ 2004 — 58002) 

Current  7,=0.85 (€200t— ¢-58002) 
b. In the middle of the line 

Voltage 2 = 430  (¢€ 210 — ¢ 88002) 

Current  12=0.84 (¢ 210#— ¢€-83002) 
c. At the receiving end of the line 

Voltage €;=400 (€-198t — ¢-36002) 

Current i3;=0.68 (€%8—e pends) 


3. See Steinmetz, i Engineering Mathematics ”, Chapter VI, section C. 
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From these equations it follows that the total energy which 
traverses the line as a traveling wave is: 
a. At the generator end 


w,=0.83 joules 
b. At the middle 
W2=0.72 joules 


c. At the receiving end 
W2=0.61 joules 


some interesting conclusions may be drawn from the data and 
oscillograms shown. 

1. The condition under which a condenser charge or discharge 
is oscillatory is 

ee 
iS 
which is fulfilled by this line circuit, yet the transients are not 
oscillatory, but are steady exponential impulses. This shows 
that the above equation which divides the oscillatory from the 
gradual transients in a circuit containing massed resistance, in- 
ductance and capacity, does not apply to the line circuit with 
distributed resistance, inductance and capacity. This means that 
in a circuit with distributed constants, oscillatory and non- 
oscillatory transients can occur, and the nature of the transient, 
whether oscillatory or not, depends on the origin of the transient. 
This is in agreement with previous theoretical investigations.‘ 
Thus non-oscillatory single impulses may occur in transmission 
lines, cables, transformer windings, etc. 

2. In Figs. 4 and 5 the current and voltage impulses coincide, 
and the magnetic and the dielectric components of the electric 
field reach their maxima simultaneously. That is, there is no 
surge of energy, but a steady propagation of energy along the 
circuit, or a traveling wave. 

In the impulses considered in this paper we thus have the 
simplest and at the same time a typical case of a traveling wave; 
that is, a transient propagation of energy without oscillation, 
but with the current in phase with the voltage. 

The other extreme is the stationary oscillation without prop- 
agation, or a typical standing wave, ‘as it has frequently been 
recorded. In it the energy surges between the magnetic and 
the dielectric field, without any propagation of energy along the 

4, Steinmetz, “ Transient Phenomena and Oscillations ", p. 441. 
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circuit, and current and voltage are in quadrature with each 
other. 

In the reflected impulse, like Fig. 12, propagation of energy as 
well as oscillation of energy occurs, and this oscillogram repre- 
sents a combination of, or transition from the traveling wave to 
the stationary oscillation. 

3. The second term of the exponential function represents 
the steepness of the wave front, and it is interesting to note that 
it seems to be greatest at the transition point between trans- 
former and line, and apparently practically constant in the line 
at some distance from the transition point. 

The most important conclusion which is evidenced by the 
results, as far as worked up, is that in the study of transient 
phenomena, circuits with distributed constants cannot be 
represented even approximately by equivalent circuits with 
massed constants, as it is customary and permissible to do in the 
study of permanent phenomena, but that in circuits with dis- 
tributed capacity and inductance, transient phenomena occur 
which have no analogy in the transient phenomena of circuits 
with massed capacity and inductance. 
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SOME MECHANICAL CONSIDERATIONS OF 
TRANSMISSION SYSTEMS 


BY T. A. WORCESTER 


In any transmission system each of its elements, the support- 
ing structures, the insulators and conductors, has a vital mechan- 
ical function and on each may rest the success or the failure of 
the system. In the early days of high-voltage transmission 
these points were not given due consideration and there were 
many cases of the destruction of lines due to washouts, sleet 
and wind storms, and frequent breakages of wires due simply to 
contraction at low temperatures. During later years, however, 
engineers have profited by these experiences and a greater study 
has been made of the details of mechanical construction, result- 
ing in the almost entire elimination of disasters, except in 
cases of most unusual and severe conditions. 

The purpose of this paper is to review in a general way the 
stresses which must be considered in the various elements of a 
transmission system and to point out some of the means which 
have been resorted to to meet certain special conditions. 
Consideration will be given chiefly to steel tower structures, 
since they are by far the most important type of support for high- 
er voltages. The wooden, steel and concrete poles have their field 
in the lower voltage range where they are able to compete against 
the builtup structure. 

STRESSES 

The stresses which a tower must be designed to withstand 
are (a) those acting in a vertical direction, due to the dead weight 
of the conductors and insulators, plus an allowance for ice 
covering; (b) in a horizontal direction at right angles to the line, 
due to wind pressure; (c) in ‘a horizontal direction parallel to 
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the line, due to wire breakages. All of these loads are applied at 
the ends of the crossarms, except a portion of (b) which is dis- 
tributed over the entire tower. 

The vertical load depends on the size, material and number 
of the conductors and ground wires, length of span and thickness 
of ice coating; the horizontal load at right angles to the line 
depends on these same elements, which determine the exposed 
surface, and the wind velocity; the horizontal load in the direc- 
tion of the line depends on the size and number of conductors, 
the amount of ice and the number of wires which may break at 
any one time. Each of these governing factors will be briefly 
discussed. 

The size of conductor depends on electrical considerations, 
except where the length of span is the governing feature. 

The length of span, except in river or gorge crossings, is depen- 
dent upon the designer and must be chosen so as to give the line 
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Fic. 1—Cost PER MILE oF TowERs AND INSULATORS, ERECTED. 


the least cost. As the span increases, the number of towers and 
insulators per mile decreases, but on the other hand the height 
of the towers must be increased to care for the greater sag, and 
at the same time they must be made proportionately stronger 
and heavier to care for the greater loads per span. The effect 
of these changes on the cost of a line is shown by the curve, Fig. 1. 

The length of a span affects the loads in the vertical direction 
and in the horizontal direction across the line, and not that 
parallel to the line, since the latter is governed by the size of the- 
conductor, it being necessary to adjust the sag so as not to exceed 
the safe stress for the wires. 

For every size of conductor there is a practical limit of the 
length of span beyond which the sag and height of tower become - 
excessive and there is danger of the wires swinging together. 
For the smaller sizes of conductor this limit is quite low (300 ft. 
(91 m.) for No. 4B. & S. cable) andin many cases it will be found 
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more economical to increase the size of conductor so as to per- 
mit using a greater span. The following tabulation illustrates 
this: 


Cost of 
towers and 
| | No.of | insulators Cost of wire Total 
| Size of Span Sag towers | per mile and freight per 
Conductor feet | feet | per mile | erected per mile mile 
Case I.| No.4 B.&S.| 300 10.5 17.6 | $3080 $322 $3402 
Case II.| No. 2 B.&S. 360 LOIS) | 14.7 2570 514 38084 


ma Saving perimile,...........| $318 


These figures are based on the assumption that the same 
towers and sags would be used in both cases, giving the same 
clearance to ground. The sag in Case I is the minimum sag at 
which wires may be strung on the basis of 0 deg. fahr., 8 lb. 
(3.6 kg.) wind, and 4 in. (1.27 cm.) sleet, and with these same 
conditions and sag the span for No. 2 wire is calculated and found 
to be 360 ft. (109 m.). With this tower spacing and No. 2 cable 
the cost of the line is $318 less than with No. 4 cable and 300 
ft. (91 m.) span. It is allowable to assume that the same towers 
can be used in the second case as in the first, since the lightest 
tower which it is practicable to build would be sufficiently 
strong for the second case. However, it would be possible to 
put $20 more into the cost of each tower and still have the 
cost of the second line a trifle less than that of the first, and the 
gain would accrue from the electrical advantages of the larger 
size of conductor. 

A span of 360 ft. (109 m.) is not necessarily the most econom- 
ical span for the No. 2conductor. Further calculation indicates 
that a 500-ft. (152 m.) span could be used with only a very slight 
increase in the cost of the towers. This limit cannot be extended 
beyond 500 ft. (152 m.), even though the line with greater spans 
would have a less cost. Here again the limit depends on mechan- 
ical considerations rather than on costs and is governed by the 
danger of lashing together of the wires in gusty winds. 

In long spans over rivers, etc., the standard main line towers 
and conductors are frequently used. This practise may be 
permissible in some instances where the spans are not very much 
great erthan normal, but when the towers have been designed 
to meet closely the demands of the standard spacing it becomes 


‘dangerous to use them for any appreciably longer spans. It is 
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advisable in these instances to use dead-end anchor towers with 
strain insulators and thus isolate the crossing span and prevent 
any trouble in other parts of the line from being carried into ity 

For very long spans it is, of course, necessary to use conductors 
of greater mechanical strength than are used in the main part 
of the line and the supporting structures, must likewise be made 
correspondingly stronger. Too great care cannot be taken in 
planning such structures, as unusual stresses are likely to occur 
and would result seriously unless properly cared for. More 
than average allowances should be made for wind, sleet and 
temperature and a greater factor of safety should be used in the 
design of the steel work. 


IcE AND WIND 


The amount of ice which may form on wires has been a much- 
discussed topic and one which will probably never be settled to 
the satisfaction of all concerned. However, the various engi- 
neering bodies have about agreed that it is safe to consider 3 in. 
(1.27 cm.) ice in conjunction with 8 Ib. (3.6 kg.) wind pressure 
and 0 deg. fahr. as the worst combination of conditions likely 
to occur in the United States. It is conceded that there have 
been thicker formations of ice and greater wind pressures, yet 
the probability that they will occur simultaneously and with 
low temperature is so remote as to make it seem unnecessary 
to consider them. There is little doubt, however, that those 
engineers who have experienced destruction of their lines by 
sleet and wind storms will never use anything but the most 
conservative allowances. For spans crossing rivers, highways or 
railroads more liberal allowances are always made, the standard 
being $ in. (2 cm.) ice, 11 lb. (5 kg.) wind and 0 deg. fahr. 

Ice and wind on the cables work together to increase all of 
the loads on a tower structure—the vertical load and the hori- 
zontal load in the direction of the line, by giving increased weight 
to the conductor, and the horizontal crosswise load by giving 
greater surface for the wind to act upon. 


WIND ON TOWERS 


There is a great difference of opinion as to just how much wind 
pressure shall be allowed on the tower itself. It is certainly not 
sufficient to base this allowance on the same assumptions as 
are used for the conductors. Those assumptions are for wind 
velocities likely to occur simultaneously with heavy loading of 
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“ice and low temperature. Greater velocities may occur, inde- 
pendent of these last factors. It is, therefore, advisable to allow 
for at least the highest recorded value. This value, as indicated 
by the Government anemometer, is very nearly 100 mi. per hr., 
which corresponds to an actual velocity of 76.2 mi. per hr. 
and a pressure of 23.2 lb. per sq. ft. (1138 kg. per sq. m.) 
(0.004 V? for flat surface). The government anemometer 
records the velocities only at intervals and does not give all 
instantaneous values, and these instantaneous values may be 
somewhat greater than those at the moment the record is taken, 
due to the gusty character of winds. It has been estimated that 
these gusts cause velocities 50 per cent greater than those which 
are recorded. Another feature enters, however, to counter- 
balance this effect, somewhat viz., the height above the earth 
surface. The anemometer records are taken well above the earth 
surface, while transmission structures are seldom higher than 
75 ft. In consideration of these variables and uncertainties it is 
not possible to give one value of pressure to be used on all lines. 
A safe range of pressure, though, would be from 20 to 35 lb. 
per sq. ft. (97.5 to 170 kg. per sq. m.) depending on the general 
character of the country which the line traverses, 1.e., whether 
it is exposed to sweeping winds or protected. 
_ It-will usually be found that the maximum wind pressure 
acting on the bare towers and wires will have a greater over- 
turning moment than that caused by the maximum wind as- 
sumed to accompany ice formation, acting on the ice-coated 
wires and towers, 7.e., the greater pressure due to the higher 
velocity of the wind, even though exerted on a smaller surface, 
will overbalance the less pressure acting on the greater surface. 
For this reason the side pressure on towers should be figured for 
both conditions and the design should be based on the loads 
caused by the worst of the two. 

In calculating the wind on the towers the entire projected area 
of two lateral faces should be used as the surface over which 


the wind acts. 
WIRE BREAKAGES 


The most serious stresses which a transmission tower is called 
upon to withstand are those due to the breaking of conductors. 
Lines are put up with a view of not having the conductors 
break, but there are certain unavoidable conditions which fre- 
quently produce breaks. The most usual of these are (a) burn- 
ing of the conductors due to short circuits or grounds started by 
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lightning, large birds, swinging together of wires, etc., or through 
malicious intent; (b) breaking of conductors due to crystalliza- 
tion or fatigue of the metal produced by kinking during erection 
or by insufficiently rounded edges of cable clamps, and (c) by 
overloading of conductors during extreme conditions of tem- 
perature, wind, etc. 

The causes in (a) have been overcome to a great extent by 
the use of various devices, principally the arcing ground sup- 
pressor, the ground ring and metal sleeve. The swinging together 
of conductors occurs only when light conductors are used in too 
long a span, where they will be likely to lash in the wind. Ordi- 
narily in well designed spans the wires swing in unison so that 
there is no danger of their coming together. 

The breaking of wires due to kinking is frequently not given 
due consideration and many lines erected by careless workmen 
have suffered from this cause. The elasticity and strength of 
the metal on the inside of the bend is decreased enormously by 
a short bend and when the wire is straightened out and drawn 
taught by frequent strains in the line it will finally weaken to 
the point of rupture. Likewise, many breaks have been caused 
by repeated bending of the conductor at the wire clamp on the 
pin type of insulator. The localization of the stress by a hard 
metal clamp finally makes the metal of the conductor brittle 
and rupture occurs well below the average tensile strength. A 
clamp may have well rounded edges and still cause trouble. It 
is the rigidity of the clamp, as well as too sharp an edge, which is 
harmful. 

When all of the wires of a transmission line are intact there 
is no pull on the towers in the direction of the line (7. e., on the 
intermediate towers, not the dead-end or other special structures). 
As soon, however, as a conductor is broken the strain which it 
took to cause the break is thrown on the adjacent towers. Obvi- 
ously, therefore, the maximum load which the crossarm must 
stand in the direction of the line is equal to the tensile strength 
of the conductor which is used. For the smaller sizes of conduc- 
tor this rule is usually observed, but for the larger sizes less 
liberal allowances are usually made. It is customary with the 
larger sized conductors to allow for a stress equal to one-half of 
the ultimate strength of the cables. This value is chosen since 
it is the maximum safe working stress, above which the cables 
are likely to stretch permanently. 

With the suspension type of insulator the full length ef an 
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insulator string is thrown into the line when a break occurs and 
the strain in the conductor and on the crossarm is greatly 
reduced. But little consideration should be given to this fact, 
however, since there is a severe jerk when the insulator is drawn 
to its new position and the effect on the tower is not less and 
may be more than occurs when the pin type of insulator is used. 

A question which naturally arises is how many conductors 
may break at any one time. This depends to a large extent on 
the cause of the breaks. If due to lightning: or large birds it is 
probable that not more than one or possibly two conductors 
would break; but if due to poorly designed wire clamps, injury 
of wire during erection, or to excessive sleet and wind, it is con- 
ceivable that all might break. It is very rare, however, for all 
of the conductors to break, and further, it is hardly practicable 
to make such an assumption when considering main line towers, 
since it would raise the cost of the line to a prohibitive value. 
It is usual to compromise by allowing for the breakage of only 
. two cables of a three- or six-conductor line and to safeguard the 
system by interposing anchor towers at frequent intervals. 
These anchor towers would be capable of withstanding the 
strains due to the breakage of all of the cables and would thus 
divide the line into isolated sections so that any trouble in one 
could not be communicated to the other. 

In the rigid type of tower practically all of the stress caused 
by the breaking of several conductors is cared for by the tower 
itself, 2. e., the movement of the top of the tower is not sufficient 
to permit an even distribution of stress between the unbroken 
cables of the damaged span and those in the adjacent spans. — 
With the flexible type of tower, however, the effect is different. 
The tower is designed to be rigid in the plane across the line and 
flexible in the direction parallel to the line, so that it will bend 
and allow an even distribution of stresses in the adjacent spans. 
For instance, consider a three-conductor system with one ground 
wire and assume that each cable has an ultimate strength of 
6000 lb. (2721 kg.) and is strung to have a tension of one-half 
of its ultimate strength under the worst conditions likely to 
occur, and assume that these conditions prevail. Suppose 
that one of the conductors has been injured or is defective and 
that it breaks under this load. The tops of the towers on either 
side of the break will be pulled over by the four cables in the 
next span until the total tension in them would be just balanced 
by that in the remaining conductors of the damaged span. 
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This tension would amount to very nearly 12,000 Ib. (5443 
kg.), i. e., 4000 Ib. (1814 kg.) per cable, or 33 per cent more than 
the allowable stress. This load would not break the cables, 
but it would stretch them beyond the elastic limit and perman- 
ently weaken them. 

Suppose that two cables had broken instead of one. Each of 
the remaining two would be strained with nearly 6000 lb. (2721 
kg.), an amount almost equal to its ultimate breaking strength. 
The stress would not be quite 6000 lb. because the tension in the 
adjacent spans would decrease rapidly as the cables in the 
damaged span are stretched to greater length. However, the 
example serves to illustrate that it is necessary to use very much 
greater factors of safety in stringing conductors in a flexible 
tower system than would be used in a rigid system. 


FOUNDATIONS 


The foundations of a tower are of prime importance, yet under 
average normal conditions they offer but a small problem. In 
ordinary straight line work, over fairly level country, where the 
soil is hard or rocky and where the smaller sized conductors are 
used, no special foundations are necessary; the ground stub with 
cross piece or foot may simply be buried in the ground with a 
little rock filler, and if the spread of the tower legs is normal there 
is little to fear from tilting. With the larger sizes of conductor 
and longer spans the overturning moment frequently reaches 
such proportions as to make it advisable to use concrete founda- 
tions and thereby eliminate the need of spreading the tower legs 
. an excessive amount. When towers must be placed where the 
soil is loose or marshy or where they may be endangered by 
floods or landslides it is essential that special consideration be 
given to the design of their foundations. It may be necessary to 
resort to any one of several types of construction: steel or timber 
piling, crib work, rock filling or concrete, or a combination of 
two or more of these. Fig. 4 shows one of the best types of 
foundation, used to meet a very special condition where it was 
necessary in order to gain entrance to a city to extend the right 
of way along the lake front and place the tower footings in the 
water. 

Angle, hillside and anchor on long spans present serious 
problems from the foundation standpoint and must be carefully 
and liberally designed so as to allow no motion or slip whatever. 


It frequently pays to make a long detour in order to avoid bad 
hillsides or crumbly crests. 
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Fic. 2—DiFFicuLtT ANGLE AND HILLSIDE CONSTRUCTION. 
Great Falls Water Power and Townsite Company. 


Fic. 3—INTERMEDIATE STRAIN ANCHOR TOWER. 
Hydro-Electric Power Commission of Ontario. 
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Fic. 4—TRANSMISSION LINE ENTERING TORONTO. 
Hydro-Electric Power Commission of Ontario. 


[WORCESTER] 
Fic. 5—STANnDARD 50-Foot Towers on 87-Foot Lower EXxTENSION— 
SPANS, 750 FEET. 
Sierra and San Francisco Power Company’s line crossing San Francisco Bay. 
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[WORCESTER] [WORCESTER] 
Fic. 6—LonG SPAN STRAIN TOWER. Fic. 7—FLEXIBLE TOWER 


Great Western Power Company. TRANSMISSION LINE. 
(Note balance weights to insure uniform tension in conductors.) Rochester & Sodus Bay Elec. Ry. Co. 
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It must be remembered that a very slight tilt at the base 
of the tower means large displacement at the top which may exert 
considerable extra tension in the conductors, and in the case of 
the suspension insulator may bring the conductors dangerously 
near the tower. 

FACTORS OF SAFETY 

In the design of all mechanical structures it is customary after 
assuming certain conditions of loading to allow a factor of safety; 
in other words, to design the parts so that their ultimate strength 
will be several times their assumed loading. The amount of 
this factor of safety depends on (a) the character of the load— 
whether steady, intermittent, or otherwise; (b) on the knowl- 
edge one has relative to the amount of load; (c) on the ease or 
difficulty of calculating the structure to care for the assumed 
loadings; (d) on the possibility of faults in construction, and 
(e) on the risk to life and property. In a transmission structure 
the load is intermittent and reversing and our knowledge as to 
its amount is not definite. These features tend to demand a 
relatively large factor of safety. However, this tendency is more 
than counterbalanced by the facts that it is not difficult to 
calculate the stresses when a definite load is assumed, that the 
chances for faults in manufacture are but few and that the risk 
to life and property is a minimum.* 

Another feature which makes it possible to use a small factor 
of safety is that a sample tower may easily be tested with the 
assumed loadings and with ultimate breaking loads. Obviously 
if a factor of safety is used which will permit the tower to be 
strained with the assumed loads without being permanently 
deformed then such factor of safety will be satisfactory, provided 
the assumed loads correspond with the actual loads. The factor 
of safety for these conditions would be two if it is considered 
that the elastic limit of the metal is one-half of its ultimate 
strength. Many transmission towers have been built on this 
basis with a consequent saving in the cost of the line. On the 
other hand, more conservative engineers have used values of 
three and even four, these higher values being chosen to care 
for the uncertainty of load conditions. In one line recently 
built a factor of safety of four was used for all of the main line 
towers and three for all the strain or dead-end structures. This 
at first sight seems illogical, but it is justified, since the strain 
towers are figured for a very definite condition; 7. e., of all cables 


*Except at railroad and highway crossings, etc. 
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being broken in one span and with a maximum load of wind 
and ice on all those in the next span; whereas the intermediate 
towers are figured on an indefinite assumption; 17. e., of having 
only two cables break while the others are heavily loaded. The 
use of these large values, however, makes the cost of the line 
excessive, and for this reason it is common practise to use smaller 
values, two, two and one-half, or three for the intermediate 
towers and three or three and one-half for the strain towers. 
With this arrangement the main part of the line will be safe 
except in case of some unusual condition which produces worse 
loads than those assumed, and in event of such an accident the 
strain towers will prevent the trouble from traveling to the next 
section of the line. 

For the conductors themselves a factor of safety of two is 
sufficient, except for very long spans and crossings, in which 
cases slightly larger values should be used unless a greater allow- 
ance is made for ice and wind than in other parts of the line. 
Larger factors of safety also must be used in conductors in 
flexible tower systems, as pointed out under ‘‘ Wire Breakages. ”’ 


FLEXIBLE TOWERS 


The flexible tower was discussed above with special reference 
to the stresses induced in the unbroken cables when one or two 
cables should break in one span, and it was found necessary 
to string the cables with less tension than in a rigid tower 
system. When this is done the flexible system immediately 
becomes mechanically stable and is of value. Economy is 
secured by the small weight and cost of the towers without 
unduly sacrificing the safety of the system. 

A special field for the flexible tower appears to be for the 
higher voltage systems in which a double tower line of three 
conductors each is desired. There are a number of advantages 
in using such a system in preference to the six-conductor single 
tower system, the principal ones being that there is less liability 
to complete shut-down in case of accident to a tower and that 
there is greater safety for linemen when repairing damaged 
towers, conductors or insulators. The reason for the present 
limited use of doubl> tower lines is the high cost of such a system 
when made up of the rigid type of tower. If engineers would 
look more into the possibilities and cost of the flexible structures 


there would undoubtedly be a more general use of double tower 
lines. 
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ELECTRICAL CHARACTERISTICS OF THE 
SUSPENSION INSULATOR 


BY F. W. PEEK, JR. 


On the transmission line proper there are two electrical factors 
that fix the maximum voltage which may be used. First, the 
direct loss of energy into the air due to corona; second, arc- 
over or puncture of the line insulator. 

The invention of the suspension insulator a few years ago went 
a great way toward eliminating the second factor. Transmission 
voltages were immediately raised to a point over 66,000 volts, 
where the corona factor began to be apparent practically, and 
seemed to be the limiting, or was, rather, the doubtful one. 
This led to very extensive investigations of the laws of corona 
formation and loss. The effect of corona can now be quite 
accurately pre-determined. 

It seems probable that, with some exceptions, it will not be 
an electrical factor that eventually limits the voltage, but rather 
one of aneconomicnature. Forinstance, the power naturally 
concentrated at a given point, as in a waterfall, will generally 
be exceeded by the demand before the distance becomes: so 
great that it is necessary to use voltages above the corona limit 
for economical transmission. Of course this does not mean that 
it is not necessary to consider the corona characteristics of the 
high-voltage transmission line, and to proportion the conductors 
properly for any given case. Consideration of corona char- 
acteristics is generally of importance in lines above 66,000 volts. 

Although the suspension insulator, as at present designed, - 
will be able to take care of transmission voltages for some 
time to come, it is important to look into the characteristics of 

907 
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the string of units in series with a view, possibly, of limiting line 
troubles, lessening the cost of line construction, etc. 

In general, two arc-over voltages are specified in insulator 
tests: the rain arc-over voltage, and the dry arc-over voltage. 
For the same operating voltage, an insulator may give very good 
results, say in the Rocky Mountains, and not be satisfactory at 
all on the sea coast, due to surface leakage. This latter consider- 
ation, however, is beyond the scope of the present paper. The 
object of this paper is to show the general limiting features and 
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characteristics of insulators in series, and the cause of these 
characteristics. 


MetHOoD oF TEsT 


The tests below were made on various sizes of insulators 
of different manufacture. Connections were asin Fig? 1s"Volt- 
age was gradually increased on a single insulator unit and gap 
setting until a dynamic arc followed, either at the gap, or over 
’ the insulator. If the arc took place at the gap first, new needles 

were placed in the gap and the distance between points was 
increased. This was repeated until the insulator arced over 
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before the gap. Thus by a number of such settings the arc-over 
voltage of the insulator was determined. Units were then added, 
one at a time, and the arc-over voltages of different lengths of 
string were determined in a similar manner. Table I shows a 
typical data sheet and is self-explanatory. 


TABLE I 
DRY ARC-OVER TEST 
Insulators Gap | Arc-over Gap at 
in series inches at arc over 

1 8 Gap 

1 9 Insulator 

1 8.4 Gap 

1 8.6 Insulator 8.5 

2 18 Insulator 

2 17. Insulator 

2 16 Gap 

2 17 Gap 

2 17 Insulator ily¢ 

3 21 Gap 

3 22 Gap 

3 25 Gap 

3 26 Insulator 

3 25.8 Gap 25.9 | 
Temperature: Wet bulb....... 20 deg. cent. 

lOhpie Mees Bore 22 deg. cent. 


Barometer 74 cm. 


No special difficulty should be experienced in getting consistent 
test data if the proper precautions are taken, of which the most 
vital ones are: 

1. The needle points should be at a distance at least equal to 
the length of the gap, preferably twice the length of the gap, 
away from walls, etc. New needles should be used after each 
arc-over. 

2. Water tube resistances should be placed in series with 
each needle. The resistances should be of such value that the 
short-circuit current is between } atmpere and one ampere. 
The principal object of the resistances is to eliminate the dis- 
crepancies that would otherwise arise, due to oscillations caused 
by the spark and the inductance and capacity of the leads. 

3. Care should be taken not to use generator field control of 
the voltage over too great a range and thus cause disturbances due 
to wave distortion and the unstable condition of a weak field. The 
same applies tothe transformer: The potentiometer method of 
voltage control is best for careful work. By the potentiometer 
method is meant a variable resistance in series with the generator 
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for voltage change, and a multiple resistance, taking from three to 
ten times the exciting current across the low-voltage winding 
of the transformer. (See Fig. 1.) The object of the multiple 
resistance is to prevent wave distortion that would otherwise 
be caused by the series resistance. The shunt and series resist- 
ances also tend to dampen disturbances. The potentiometer 
method combined with field control will generally be found most 
convenient. It is often desirable to place some resistance in 
series with the test piece. In doing this, however, due regard 
should be given the following precaution. 

4. The power available at the test piece should be sufficient to 
allow a true dynamic arc to start before an appreciable change 
can take placein voltage or wave form. Often a white snapping 
arc will start across the gap without “‘ dynamic ”’ following. This 
should not count as a measurement, as it is generally caused by 
some disturbance. 

5. The test piece should not be allowed to become warm by 
arcing. 

6. Temperature, humidity, barometric readings, frequency, 
and size of needle should always be noted. 

7. In rain tests, the character of spray, amount and resistance 
of water, etc., should be carefully noted. 


Test ELECTRICAL CHARACTERISTICS 


Fig. 2 shows the wet and dry arc-over voltages for different 
numbers of insulators in series. These are characteristic curves 
of the suspension insulator. Considering the dry test: one unit 
arcs over at 85 kilovolts, two units arc over notat 85 & 20r170 


kilovolts, but at 140 kilovolts. Seven units arc over not at 7X85 ° 


or 595 kilovolts, but at 335 kilovolts. Thus, we cannot say that if 
it takes e volts to arc over one insulator, it will take ne volts to 
arc over m insulators. This is because the voltage along the 
string is not balanced, that is, the units do not share the voltage 
equally. The insulator next to the line takes more than its share 
and arcs over first, the others follow quickly in succession, and 
it generally appears as if the arc were simultaneous over the whole 
string. If voltage is gradually increased on a string of insulators 
in the dark, corona glow is first noticed around the cap on the 
line insulator, then as the voltage is gradually raised, corona 
appears successively on the second unit, third unit, etc., until 
arc-over occurs. It is also possible, at times, to get a “static 
snap” over the first insulator without arcing over the whole 
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string. These tests show that the voltage is highest on the line 
insulator and gradually decreases on the units as the tower is 
approached. It is convenient in comparing the suitability of 
different types of units for connection together in a string to 
use the ratio of the actual arc-over voltage of m insulators to n 
times the arc-over voltage of one insulator. This may be called 
the string efficiency. Thus 


arc-over voltage 7 insulators 
nm X arc-over voltage one insulator 


string efficiency = 


100 
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The efficiency curve is plotted in Fig. 2, and shows that the 
string efficiency rapidly decreases as the length of the string is 
increased. If the units are very close together arc-over will take 
place from line to tower or over the whole string. This will mean 
alow efficiency, but not necessarily due to unbalance. A condition 
of this sort may sometimes be advantageous if balance is good. 

The rain for the wet arc-over tests was obtained from nozzles 
that gave a heavy precipitation accompanied by a mist. The 
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underside of the insulator was thus well dampened by the 
mist. The two rain curves show the difference due to the resist- 
ance of the water. There would probably be little difference in 
an arc-over test through a very wide range of conductivity of 
the water, with precipitation on top of the insulator only. With 
the above type of precipitation, however, where the insulator 
is dampened all over, the difference is marked. It is interesting 
to note the balancing effect the moisture has on the voltage 
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distribution. The wet arc-over voltage of m units in series is 
about equal to 7 times the arc-over voltage of a single. unit. 
This would not be the case if only the top of each unit were wet, 
as is shown by test No. 6; plotted in Fig. 3. These curves are 
plotted with average volts per unit, that is, total arc-over volts 
divided by the number of units in series, as ordinates, and number 
of units in series as abscissas. The mist and rain curve where 
the insulator is wet all over shows that the voltage is balanced 
over each insulator. The curve for rain on top of insulator, only, 


{ 
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shows unbalanced voltage similar to the dry test, except that 
the arc-over voltage is lowered. The moisture tends to balance 
the voltage because the leakage current is large compared with the 
capacity current. The action is somewhat similar to an auto- 
transformer across the string, with equal voltage taps connected 
to each unit. Note that due to the balancing, the wet and dry 
curves cross in Fig. 2, and that after a certain number of units 
are placed in series, the wet arc-over voltage is greater than the 
dry arc-over voltage. 


TABLE II. ARC-OVER TESTS 
Test No. 1. Insuvator No. 1 


DRY 
No. of | Per cent 
insulators Kilovolts efficiency 
1 52 100 
2 89 85.6 
3 132 84.7 
4 175 84.2 } 
5 215 82.7 
6 259 83 
7 277 76 
8 308 74 
9 340 72.6 ~ 
a NS ee ee le ere 
TABLE III 
Test No. 2. INSULATOR No. 2 
DRY 
No. of Per cent 
insulators Kilovolts efficiency 
1 63 100 
2 125 99.2 
3 175 92.5 
4 233 92.5 
5 280 89.0 
6 323 85.5 
7 360 81.5 
TABLE IV 
Test No. 3. INsuLATOR No. 3 
DRY 
No. of Per cent 
insulators Kilovolts efficiency 
1 68 100 
2 132 97 
3 193 94.7 
4 245 90 
5 295 86.8 
6 324 79.5 
vf 357 74.9 
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TABLE V 
Test No. 4. INsuLator No. 4. 
DRY 
No. of Percent | 
insulators Kilovolts efficiency 
saa a <7) = 3 | 
1 82 100 | 
2 146 89 
3 | 212 $0.2,59 | 
4 | 258 78.6 ) 
5 | 308 75 
6 355 72.2 
7 | 
TABLE VI 
Test No. 5. INsuLator No. 5 
DRY 
No. of Per cent 
insulators Kilovolts efficiency 
1 74 100 
2 137 93 
3 186 84 
4 238 80.5 
5 281 76 
6 318 72 
TABLE VII TABLE VIII 
Test No. 5. INsuLator No. 5 Test No. 5. INsuLator No. 5 
(HIGH-RESISTANCE RAIN WATER USED) (LOW-RESISTANCE RAIN WATER USED) 
tere ik es | No. of Tr is “‘Potal . | 
| No. of insulators | kilovolts | 
insulators Kilovolts per string 
1 45 | 1 39 
2 81 | 2 72 
3 126 3 118 | 
4 161 4 146 
5 204 / 5 162 | 
6 234 6 196 . 
| tht shiv Sess 25 Nee 15 Sesh 244 | 
TABLE IX 
Test No. 6. INSULATOR No. 6 
Total kilovolts Average kilovolts 
No. of 
insulators Dry Wet Mist Efficiency} Dry Wet Mist 
in series dry 
1 84 64 aT 100 84 64 37 
2 154 108 93 ee 54 
3 212 138 lll 84 71 46 37 
4 262 212 Kw 68 53 
5 320. 244 16 @ 64 49 
6 284 214 2 47 36 


—_—--- 
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Fig. 4 shows arc-over and efficiency curves made on different 
insulators, the relative sizes of which are shown in Fig. 5. Note 
that (2) is the most efficient insulator (dry), and will actually 
stand higher voltages after seven or eight insulators are placed 
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& Fic. 5 


in the string, than the larger units. The relative magnitude of 
mutual capacity cs, and the capacity to ground ¢,, for the caps, 
can be seen from Fig. 6. The cause of unbalancing of voltage 
will appear in the section on theoretical characteristics, and 
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depends upon the ratio a: It seems that where it is necessary 
1 


to use an insulator with larger leakage surface than (2), as in 
a damp country, (3) or (4) would be more practical, but could 


probably be greatly improved by increasing = perhaps by a 
1 


different type of cap and metal parts, or better spacing of 
units. The general experience in practise is that the insulator 
next to the line is the one most frequently damaged by lightning, 
etc. The reasons for this are obvious from a consideration of 
the tests above, and the theoretical data below. 


2 3 nN 
RESISTANCE 
Fie. 7 


THEORETICAL ELECTRICAL CHARACTERISTICS 


If a number of equal resistances are connected in series in 
a string as in Fig. 7, and voltage E is applied across the string, 
the total current is 


4 = 
N12 


The voltage across each resistance is equal and is 


Ctx) 6s cao ee == Bo 
And 
E ae 


| 
SY 
= 

II 
x 
is) 
nw 
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If, now, a number of equal resistances, 71, to ground are 
added as in Fig. 8, the current through the first resistance re is 


(t% —t1) 
and the voltage across the first resistance is 
C1 (4; =f) to 
The voltages across the succeeding resistances are 
= (4 — 11-42) T2 
é3 = (44 —41 —12 —13) ro 


en = (4-41 —42 sMsaercusifele .otteies —1tn) T2 


2 : 
RESISTANCE 
Fic. 8 


greater than the voltage across the second, and soon. Also the 
greater the currents 71, 72, 73, etc., are, the greater the unbalancing. 

A quite similar condition exists in a string of insulators,* 
except that the resistance must be replaced by capacitance. 
Let Fig. 9 represent a string of suspension insulators grounded 
at one end, G, as at the tower. It is seen that each insulator 
may be represented as a condenser with a capacity cz, and that 
each connecting link and cap may be represented as a 
condenser with a capacity ci to ground. Greater capacity 
current passes through insulator (1) than through insu- 
lator (2), etc., hence, the voltage across insulator (1) is 


*The condition is also similar to that of the multigap lightning arreste1 
which has already been discussed in the TRANSACTIONS. 
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greater than across insulator (2), etc., or, the voltage is 
not balanced along the string. The greater c; is, compared with 
C2, the greater the unbalancing. Also, the greater the number of 
units in a string, the greater is the unbalancing. The voltage 
across the different insulators of a given string can be readily 


: ae. 1, Creal 
calculated at low and medium frequencies if the ratio a is 
1 


known, and it is assumed there is no surface leakage or corona. 
Leakage or corona will not appreciably affect the results at 
operating voltage. 

Referring to Fig. 9, an expression for the total capacity ofa 
string of m insulators may first be written. 


INSULATOR 


Fic. 9 


Capacity of string 
Let ¢. = x ¢ 
Then the total capacity for a string of insulators is 
One insulator 
i= +ea=ca (1 + x) 


Two insulators 


1 1 
fs. + bpary oF ppm ee eaten aR 
mas C2 Cs 
2 
=O, + C2 s 
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Three insulators 


= fee eer 1 ke 
er atsdian Lek asl pet) 


ko (0) 
C2 
eee En = ce 
2 2 ae 
26, + ¢,—C2? 


262+ C1 


For a string of n insulators 


‘ i! B= 
Rn = — LE ee ( en cy ) 
es 32 2 C2 = Rn-1 “ x on C2 a Ri 1 


C2 
2 Co + C1—C2? 
2c. +61—C2 
2, +¢1—C,2 


Le 


Qeatcr 


The fraction to be carried out to m — 1, of the (2cze + ¢1) 


terms. 


Voltage Distribution. Let E be the voltage across the string 


to ground. (See Fig. 10) 


Also 
% = total capacity current. 
Ce ¢2 = mutual capacity 
oe 
C1 ¢; = capacity to ground 
ky = total capacity of the string. 
b= hep 
C} 
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Then 4 =207fk£E 
i=27fak 


Then the voltage across the first or line insulator is 


The voltage e2 across the second insulator is found thus: 


a! = B-e=E(=—=+*) 
x 

, ‘ x—k-+1 

4g =2a0fe!lo =2Af er ag aS E 
Therefore 


27 f C2 = 


Fat) €’ 


=e, —— 
x x 


eg = 


= ( - 2+ 
x 


For the third insulator 


p*& +1) (R= 1) + Oe + DR - DY ~ x +1) 


eso = 
_ =| La 3k — 4 k—1 = €3' 
say Pe Sele x 47 Xo ) ee ee 
For the nth insulator 
= Ez a cen ao 4 k be 1 eo en 
en = Sk n+ : tT Xo + + #5) -641-# 


Then we may write 


E 
athe (k — 1) first insulator 


ey! E — 
eo = €; — aoe = = Al k-—-2-+ z= 1) second insulator 
x x x 
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E bes = 
€3 = €2 — = ae (« —3+ oe ao ota es "| third insu- 
a we lator 
Ca E 6k — 4 5k — 6 —] 
=~ a (b+ x a a+ =5*) 
fourth insulator 
E 10k — 14 15k — 1 
7k —8 k—1 
tenes 
X3 X4 
n E wl 
oo Ae (oa Ie er x2 +... #51) 


From the above the following equations may be written for 
solving numerical problems. 


INSULATOR EQUATIONS 
Total capacity of a string of m insulators 


Co = 
DEE gt Cpese gt ee a 
26, +¢1—Ce 


262 + Ci—C3" 


2ce+C1 
Write fraction to m — 1 of the 2c. +c, terms. 


2. Volts across first or line insulator of string of m where E 
is the total string volts, is 


ey = eke ot 
meee 
C1 
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When the arc-over voltage of a single unit alone, ea, is known 


Ck 


4a. Es = ee = arc-over voltage of string. 
’ Figo. em x 
5. String efficiency = pie) i, 


For application of equations, see below. 


CALCULATED CHARACTERISTICS 
It is now interesting to calculate the characteristics of insu7 
lators in series, for different lengths of string, and different 


values of a using formulas 1, 2, 3, 4, and 5. 
1 


TABLE X 
Ratio ¢2/c, 1 2 5 10 15 20 50 100 500 1000 
No. of insulators 
Values| of k 
in series 

1 2.000)3 .000)6 .000}11 .000)16.000|21 .000/51 .000|101 .00,/501 .00/1001 .00 

2 1.667|2.200/3.728) 6.238) 8.742)11.244/26.247| 51.21/251.25| 501.25 

3 1.625/2.048/3.135} 4.842} 6.387) 8.197|18.998| 34.89|173.22| 334.89 

4 1.619)2.012|2.927| 4.263) 5.546) 6.814/14.350) 26.87|/126.87| 251.87 

5 41.618}2.003/2.846) 3.988] 5.049} 6.083/12.172} 22.20/102.20} 202.20 

6 “ |2,.001|2.814| 3.851] 4.777) 5.676|10.777| 19.19) 85.83) 169.29 

7 “ |2.000/2.801] 3.781} 4.623) 5.421] 9.863) 17.15] 74.36] 145.82 

8 be “ |2,.795| 3.743) 4.574| 5.265) 9.238) 15.69) 65.68] 128.18 

9 = “ 2.793) 3.724) 4.505| 5.178) 8.797) 14.63) 59.03] 114.63 

10 . “* 12.792) 3.713) 4.465) 5.108) 8.481) 13.85] 53.85) 103.85 

11 : = . 3.708} 4.447) 5.069} 8.251} 13.23} 49.68] 95.09 

12 t! * . 3.705) 4.415) 5.044) 8.083) 12.84) 46.22) 91.85 

13 s s s 3.703) 4.411] 5.036) 7.958) 12.52) 43.29} 81.75 

14 & . « 3.702) 4.409) 5.024) 7.865) 12.33] 40.93) 76.58 

= 25 « ka e 3.702] 4.407] 5.015] 7.796] 12.17) 38.81] 72.21 


¢ 
To find the total capacity of the string, kn, take the k above for the required ratio = 


. . . . . ¢ 
and the given number of insulators in series, and multiply by Cy. : 


kn =ke, 


As an example of use of formulas, assume 


n= 3 E = 100 p= —Pn 
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From (1), ka=c¢. + Ce C2" - 
2 Co + Cc. Ce Site 
2 €2°--' Cj 
25 Ds 
= i 5 — = SS ee 
ef: fora ile 2 ar = 27185 
10+ 1 
From (2), e, = =. (k — 1) 
100 


= et (3.135: —A) = 42.7 
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From (3) és = €2: + fe ee! = E 
= 42.7 + aeF I = 31.2 
C= (31.3 ae aoe te —-100 ) Saye 


H=e,+e + e3 = 100 


Figs. 11 and 15are calculated for 100 kilovolts, e:, across the line 
insulator (1). Looking at Fig. 11, for a string of three insulators 


and the ratio - aay, 
1 
e, = 100 
€g = 55 
és; = Ou 
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Hence, the total voltage across the string is e; + e2 + e3 = 192. 
It is convenient to plot these curves so that e; is the arc-over 
voltage of a single unit, because when (1) in a given string is 


brought to its arc-over voltage, flash-over will take place and 


100 
90 Shee aes < | 
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Fic. 12—VoLtaGE across DIFFERENT INSULATORS IN A STRING OF 
: n UNITS. 
the other units follow in succession and complete arc-over occurs. 
Hence, if 100 kilovolts is the arc-over of a single unit alone, 192 
is the arc-over voltage of the above string of three units. This 
can be calculated directly from equation (4a) and Table X, thus: 


E Cx — 100X2 192 
ree 1) 2.048 —1 
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0 sah AssuMinG:—|-— | | | 
Los Cc .o fae 
E 7 [ N=3 er 10 Jaa 
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The string efficiency, as defined under section on Test Charac- 
teristics, for the three units above, is 


Efficiency = BONEN 


7" 


Te EO 


» 
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The above curves may be used for finding the string arc-over 

for any other value than 100 for single unit arc-over, by reducing 

€1, €2, 3, etc., in proportion. ; 
Fig. 16 gives calculated values of total arc-over voltage for 
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90 i nN=3 ro | l ak te, 
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n UNITS. 


different numbers’of insulators in series, and is similar to the test 
curves. Fig. 16 is obtained either by summation of 1, €2, .... €» 
from Figs. 11 to 15, or by equation (4), and is based on 100 kilo- 
volts arc-over for a single unit. 
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- Fig. 17 gives calculated efficiencies as defined above. 

It is to be noted that while, theoretically, when react- 
ance and resistance are not appreciable, frequency does not 
enter into the voltage distribution, at the high voltages where 
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surface leakage or corona starts, and at arc-over, frequency would 
be a factor. Thus, for very long strings of small insulators it 
might be possible to are over the insulators near the line without 
arcing over the whole string, due to the fall of potential over the 
arc resistance. This resistance would vary with the frequency. 
At very high frequency it is necessary to consider reactance. 
Before surface leakage starts, as at operating voltages, the dis- 
tribution should be substantially as given in Figs. 11 to 15. 
As the voltage is increased, corona forms first on the line insula- 
tor, and probably, generally increases the mutual capacity ce 


Sz 


TOTAL VOLTS TO ARC OVER 
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Fic. 16—CatcuLaTED ARc-OvER VoLTs oF n INSULATORS IN SERIES. 
without materially changing c;. In this way.a sort of automatic 
grading takes place, and the distribution by arc-over often indi- 
cates a much better distribution than exists at operating voltage. 
Hence, it seems that the arc-over would not always indicate 
the best insulators for all conditions of service. As, for instance, 
with surge, high-frequency oscillations, sudden impulse, lightning, 
or transient voltages, a bad operating distribution would probably 
mean not flash-over, but punctured porcelain, i.e., the porcelain 
would puncture before corona could form to distribute the stress 
better. In selecting an insulator, therefore, it would probably be 
best to specify a certain arc-over voltage and string efficiency. 


7 
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COMPARISON OF TEST CHARACTERISTICS AND THEORETICAL 
CHARACTERISTICS 


In Fig. 18 the drawn curve is the theoretical one for at 


= 50, 


C1 
and the condition that a single unit arcs over at 63 kilovolts. 
This is the test arc-over voltage of a single unit in Test 2. The 
crosses are measured arc-over readings. The test values follow 
the theoretical curve rather better than would be expected, and 


100 


90 + ae 


cl 


10; 


STRING EFFICIENCY 


2 4 6 SamnlO eae! 16 
NUMBER OF INSULATORS PER STRING 


Fic. 17—CALCULATED STRING EFFICIENCY. 


seem to indicate little change in aS due to corona, and small 
1 


leakage up to the flash-over point for this particular insulator. 

In Test 5 the arc-over voltage of a single unit is 74 kilovolts. 
The drawn curves in Fig. 19 are the theoretical ones for that con- 
(%) C2 


C1 


dition, and aoe 10, 
: ; C1 C1 


= 15, and = 20. The crosses 


are the measured values. This shows quite clearly the effect 
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of automatic grading due to corona and leakage. For short 


c ; . 
strings the points follow the curve for a = 10, which, if 


continued, would give a very low flash-over efficiency. Auto- 
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matic grading comes in and the points gradually shift up to 


C2 C2 


= 20. The actual value of 
Cy C1 


ting voltage is probably between 5 and 10. Thus, while arc-over 


the curve for - under opera- 


400 


S 


KiLOVOLTS 


X=MEASURED ARC OVER 


TEST NO.4 So ey Aho OVER- 


= 
— 
— 


CURVE CALCULATED FOR 
€4=52, C2/oz-50 


Ud at eee eee 6 ote S i Oya te a oe op 
NUMBER OF INSULATORS + 
PER STRING NUMBER OF INSULATORS 


Fic. 20—ComMPaRISON oF CALcu- Fic. 21—CoMPARISON OF CALCU- 
LATED CURVES AND TEST CURVES. LATED CURVES AND TEST CURVES. 


tests for long strings may indicate a fair efficiency, the insulator 
is really operating at a very bad unbalance of voltage. This is 
further indicated by Fig. 20, for Test 4. 


The theoretical curves given in Figs. 11 to 17 will be found 
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useful in comparing and studying test values. For instance, 
the curves in Fig. 16 are cafculated for total arc-over voltage of 


c : C 
n insulators for different values of —*, and arc-over voltage of 
Cy 


100 kilovolts for a single unit alone. Where the arc-over voltage 
of a single unit differs from 100 kilovolts, and is, say, 63 kilovolts, 
the curves may be used for graphical calculations by multiplying 
the ordinates by 0.63. The tabulated values of k may also be 
used for obtaining the string capacity kn with minimum cal- 
culation. 

CONCLUSIONS 


1. An insulator taken as an individual unit may show very 
excellent characteristics, but, on account of certain inherent 
relations between mutual capacity and capacity to ground, be 
totally unfit for use in series. 

2. The arc-over voltage test of insulators in series does not 
always indicate the best insulator, but should be supplemented 
by a study of corona formation in the individual units along 
the string. To this should be added a comparison of theoretical 
and arc-over efficiency curves. 

3. Where the mutual capacity, ce, is small compared with the 
capacity, ¢1, to ground, after a certain number of insulators are 
added it is useless to increase the string length. For very high 
voltages insulation will probably not be obtained by long strings 
but rather by shorter strings of well-designed and properly 
spaced units; grading may also be resorted to. The arc-over 
voltage may often be actually increased in a given design by 
decreasing spacing between units. In selecting insulators, a 
good string balance or efficiency should be sought or specified. 
Without good balance the line insulator is likely to be punct- 
ured by lightning or surge. 

4. The voltage balance along a string will be affected by the 
distance to the tower, etc. 

5. The string arc-over voltage will generally decrease as 
the frequency is increased. It will also decrease as temper- 
ature is increased and barometric pressure is decreased. 

6. The wet arc-over voltage will vary greatly with the resist- 
ance and temperature of the rain and the nature of the spray. 
The wet arc-over voltage may actually be greater than the dry 
arc-over voltage after a certain critical length of string is reached. 

7. The arc-over test voltage on long strings will vary some- 
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what with the transformer connection, that is, whether one side 
of the transformer is grounded or riot. One side of the trans- 
former should be grounded to approximate practical conditions. 

8. Insulator arc-over tests are valueless unless proper test pre- 
cautions are taken to eliminate resonance, etc., and full data are 
given. 

Thanks are due to Professor C. E. Magnusson of the Univer- 
sity of Washington for his valuable assistance in the tests, 
equations and calculations, and to the Consulting Engineering 
Department of the General Electric Company for the facilities 
afforded. 
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Discussion on ‘“‘ Compression CHAMBER LIGHTNING ARRES- 
TER AND THE PROTECTION oF DistTrRiIBuTION CrrcuIts ” 
(CREIGHTON AND SHAVoR), 

“Human Accuracy: Muttt-RrecorpDeErR ror LIGHTNING 
PHENOMENA AND SWITCHING ” (CREIGHTON, NICHOLS AND 
HosEcoop), 

“STUDIES OF PROTECTION AND PROTECTIVE APPARATUS FOR 
Evectric Rairways ” (CREIGHTON, SHAVOR AND CLARK), 

“PROPAGATION OF IMPULSES OVER A TRANSMISSION LINE ”’ 
(CUNNINGHAM AND Davis), 

‘“ SomE MECHANICAL CONSIDERATIONS OF TRANSMISSION 
SYSTEMS ” (WORCESTER), AND 

** ELECTRICAL CHARACTERISTICS OF THE SUSPENSION 
INSULATOR ” (PEEK); ScHENEcTADY, N. Y., May 17, 1912. 


E. M. Hewlett: I am naturally interested in the development 
of the suspension insulator, which I first brought before the 
Institute in 1907, at the Niagara Falls meeting. The suspension 
insulators in their present form are giving excellent service at 
110,000 volts and 140,000 volts. Having increased the radius 
of distribution to more than twice that practicable with the 
60,000-volt pin insulator, which seemed to be the limiting 
factor, we learn from the operating engineers that these insula- 
tors are giving satisfaction. The step to 110,000 volts was made 
with less line trouble than the previous step, due to the higher 
mechanical and electrical safety factors. 

In the original design of the suspension insulator we did not rea- 
lize what some of the factors that have since turned out to be a help 
to us, really were, that is, the higher safety factor and the oppor- 
tunity to allow moisture to collect on both sides, and you will 
see that these have given us an insulator that under moist 
conditions will test up better than it does under dry conditions. 
Lightning generally comes during a rain storm, so our lightning 
troubles are likely to bother us less with the suspension insulator 
than if we had the pin insulator. Then the safety factor with 
the suspension insulator has been greater, and that probably 
explains the reason for less line trouble with the rise in -voltage 
from 60,000 to 110,000 and to 140,000 volts. We know that Mr. 
Foot has been running his transmission line in Michigan at 140,000 
volts for the last three months, and he says that everything is 
working very nicely indeed. 

The mechanical safety factor of the suspension insulator 
has allowed or permitted construction on lower voltages, which 
is cheaper than the pin construction; that is, where a curve is 
made, or an anchorage is made, you can fasten the suspension 
insulator to the side of a pole, instead of on an arm, and it gives 
a very rugged and much simpler construction. 

Since this paper was written tests have been made on suspension 
insulators of various makes, using a suitable transformer capable 
of delivering 750,000 volts. The curves between arc-over and 
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number of units show only a slight falling off as the number of 
units is increased. This would indicate that the peculiar droop- 
ing characteristic is largely due to the capacity of the testing 
transformer. 

It would seem from the above that there is still plenty of lee- 
way above the present operating voltage (140,000 volts) before 
operating conditions will be affected by this phenomenon. 

Paul M. Lincoln: I have been very much interested in the 
paper by Mr. Peek. He has brought out some points in that 
paper which are of great interest, and it is a line along which I 
have thought considerably myself. There is one point, however, 
to which I would call his attention, and that is, whether or not 
he has correctly analyzed the reason for the wet string of insula- 
ators being of higher potential than the dry string. 

There are two things which may be noted when a string of 
insulators becomes wet; first, the resistance of the path across 
the insulators is lowered. That is, as I understand Mr. Peek, 
the reason which he ascribes for the difference noted. There is, 
however, another effect which takes place when the insulator 
becomes wet, and that is an increase in the area of the conducting 
surfaces and a consequent change in the relation of the mutual 
capacity between adjacent disks to that of a disk to ground. It 
occurs to me it is that change in this relation of capacities that 
has the larger effect in enabling the wet string of insulators 
to stand a higher potential than the dry string. 

That same consideration has led me, before, to believe that our 
insulator design for long strings might be made very much better 
by arbitrarily making the static capacity of those insulators 
which are next to the conductor higher than those which are 
nearer the tower. It is quite possible so to design a string of 
insulators that we change the static capacity of one against the 
other and make them such that the static potentials will be 
divided equally across the various insulators. It cannot be 
done when the mutual capacity is the same all through, but it is 
quite easy to design a string of insulators and change the static 
capacities, one against the other, so that the potential across the 
various insulators will be thereby more evenly divided. 

Another point which may be mentioned in connection with 
the design of line insulators is the fact that on any section of an 
insulator the static strains at the inside are higher than they are 
at the outside. Reference to Fig. 6 of Mr. Peek’s paper will 
show what Imean. The insulators partly shown in these sections 
are subjected to voltage strains which appear between a pin of 
relatively small diameter as one terminal and an enclosing 
metallic bonnet as the other. 

Now, any one who is familiar with this matter knows at once 
that the strains across this individual section of a complete 
string of insulators are by no means evenly divided. The strains 
at the small diameter of the pin are much higher than they are at: 
the large diameter of the enclosing cap, and here again, it 
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seems to me, is an opportunity for considerable betterment in 
the design of insulators. In general, the diameter of the inside 
pin ought to be increased, and in some cases it would actually be 
possible, I believe, to reduce the static strains on that part of 
the insulation next to the small diameter pin by reducing the 
thickness of the insulating wall. 

Referring to Mr. Worcester’s paper, if I interpret it correctly, 
there are no conductors present, on the flexible towers he cites 
as an example, except the conductors which carry current. In 
the design of the flexible tower system I consider that the pres- 
ence of an overhead ground wire will have a considerable bear- 
ing. The overhead ground wire has a double value in flexible 
tower systems. First, it gives the protection which is usually 
credited to it, of guarding against lightning, and secondly, it has 
very considerable bearing upon the design with reference to the 
strains on the wires when any conductor breaks. The ground 
Wire in this case should be made of steel and should have a 
breaking strength considerably above that of any of the con- 
ductor wires which are used. By properly designing these and 
distributing them at the top of the tower, the condition which Mr. 
Worcester cites, that the strain on the conductors when one 
breaks goes considerably above the ultimate strength, does not 
necessarily follow, since a large part of the longitudinal strains 
may be taken by the ground wires. 

Another point in that connection is the assumption many 
people make, that the straining of a conductor wire on a tower 
above its elastic limit is fatal. I do not believe this is the case. 
Any conductor or other piece of finished metal has been, in the 
process of its manufacture, continually subjected to such strains. 
Every wire that is rolled or drawn, during that process of rolling 
or drawing is subjected to strains beyond its elastic limit. 
If after it is up it is subjected to strains beyond its elastic limit, 
it does not mean, in my opinion, that the wire will be damaged; 
in fact, it is somewhat similar to the process of stretching and 
drawing, and it is quite conceivable that the wire, as a result 
of being subjected to strains above its elastic limit, is actually 
strengthened and not weakened. 

R. J. McClelland: I wish to make a few remarks concerning 
Mr. Worcester’s paper with special reference to the use of over- 
head ground wire as an additional support to the tower, both 
flexible and rigid, it being especially valuable for the former 
type. 
ae the design of a line using the so-called rigid tower, we have 
taken into consideration the additional support given to the 
structure by the overhead ground wire; this has consequently 
reduced the weight of the tower, and thereby decreased the cost 
of the line. Our experience has not yet indicated that we are in 
error in our assumptions; in fact, we had an experience which 
tends to bear out our conclusion. 

A 100-kv. double circuit steel tower line constructed last 
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year with six No. 0 conductors and 3-in. (9.5 mm.) galvanized 
steel strand as overhead ground wire, was wrecked. The circum- 
stances were as follows: the line was completed before the right- 
of-way was thoroughly cleared, and during a very severe wind 
storm, a tree was blown into the line, breaking five of the No. 0 
conductors. The towers suffered no damage whatsoever. We 
believe that this fact was due to two reasons: 

1. The overhead guard or ground wire. The towers were very 
recently erected, and we did not consider that the anchorage was 
first-class; in fact, there had been more or less rain and the 
ground was not settled around the steel footings, no concrete 
being used. 

2. The strain on the tower was very greatly relieved due to 
the slack put into the line by the suspension insulators. In 
this case we had six units, which means that there was slightly 
over four ft. (1.2 m.) between the crossarm and the wire, the 
major portion of which, especially at the first tower, was put into 
the line, thus relieving the strain on the tower to a very great 
extent. This is transmitted back, of course, to the succeeding 
towers, to a lesser degree. 

It would seem that this last fact has not been given sufficient 
consideration in connection with either the rigid or flexible 
tower transmission line construction, and that by taking these 
two important points into consideration, it should be possible to 
reduce test loads usually called for in tower design, thereby 
reducing the cost of construction. 

C. Edward Magnusson: I have received a paper from Mr. 
Andrew McNaughton, of McGill University, giving the results 
of an investigation of string insulators which he has recently 
completed. This paper I wish to present in connection with the 
discussion of Mr. Peek’s paper, as it gives additional data of 
considerable importance. The theoretical calculations have 
been made on a somewhat different basis, and present the prob- 
lem from another point of view. The experimental data are in 
full accord with the results presented by Mr. Peek, and form an 
excellent check on the work described in the latter’s paper. 

Andrew McNaughton (by letter): The object of this paper is 
to calculate the potential distribution over suspension type in- 
sulators and to compare the resulting theoretical flash-over 
voltages with those actually obtained under test. 

In the calculation of the potential distribution regard must be 
given to the following: 

(a) Resistance of the material of the insulator. 

Leakage over the surface. 

(b) Capacity of a single unit. 

_ Extra capacity between units when two or more are in 
series. 

(c) Voltage, in its effect on capacity and surface resistance, 
due to formation of corona. 


(d) Frequency, as affecting the critical point of corona forma- 


teal eater tite 
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tion and the distribution of stress between resistances and capa- 
cities in series. 

Consider the case where the conductance is so small in compari- 
son to (capacity) X (voltage) & (frequency) that its effect on the 
potential distribution may be neglected. At voltages below that 
of corona formation the string of insulators may be regarded 
as equivalent to a system of capacities C1, Co...... C,, as shown 
in Figs. 1-5, where 


Ci, is the capacity of a single unit. 
C, is the extra capacity aver two units. 


i 


C, is the extra capacity over m units. 


If the various capacities C; C2....C, are known, the potential 
distribution may be calculated. 


Fic. 1 Fic. 2 Fic. 3 


Fig. 1 shows the diagram of connections used in determining 
C,. An electrostatic voltmeter V is shunted across a known 
capacity C, which is in series with the insulator unit of capacity 
Ci, and an alternating voltage is applied to the circuit. The re- 
sulting potentials are represented by P,, Po and Pj. 

Then 

(Eases) = (Vo) — Po — By) (1) 


where Vo is the transformer voltage 


(P, — Po) is voltage across capacity Ci 


(Py) — P,) is voltage across capacity C, 
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Equating the charge at Po to zero, 


(Po — Pi Cy + (Ps — PP.) C, ="0 (2) 
and 
Resa —P v) 
Ce (P, = PAE), Ce (3) 


Fig. 2 shows the arrangement with two units. Capacities 
C; and C2 are involved. 
Equating charge at Po to zero, 


(Po — Ps) (<2 i c:) + (Po — P,) C, =0 (4) 
and 
Es (Ga 
C2 a (Pe XE Po) (Gy) (3) (5) 


Fig. 3 corresponds to three units in series. 
Equating charge at P, to zero, 


(Pu Po) Ci (Pi — Ps) Cr +. CrP) a= (6) 
and by symmetry 
LPs i Rak = (Bae ais) (7) 
Eliminating P.2 between equations (6) and (7) gives 
(Py —Po) C, + (P)'—P: +P, ='Po) Ci + (Pi =P), = 0 


Collecting terms, 


(P; — Po) (38 Ci. + Ce) = (P;— Po) (Ci + Co) (8) 
from which 
Py hve % Chats 9 
Pl SPY SCR, fo 
and 
P,- As ae itt Gs 
Dee 8 BC, + C2 (10) 


Now equating the charge at Po to zero, 


(Po—P,) Cy.+(Po—P) Ci+(Po—P2) Co+t(Po— Ps) C3=0 (11) 
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and 
Po —P. — P 
Co= pp, Go + Sop C+ pp Ce (12) 
Fig. 4 corresponds to four units in series. 
By symmetry 
Pies 
P,— Py) = 6 (13) 


Pe mt 5 


I 
hy 
| 

x 


Fic. 4 


and equating the charge at P, to zero 


(P,—Po) Ci\+(P1—P2) Cit (P1—Ps) Cot(Pi—P,) Gr) (14) 


Eliminating P, and P; between equations (13) and (14) 
and reducing, 


Dp aPC, 20, + Cs) = (Pi — Ps) (3 eCrt cs) (15) 


whence 


Ci 
Paps gh oo; eae (16) 
Pa— Po 20,+ 2027063 
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Equating the charge at Po to zero, 


(Po — Pr) Cy + (Po— Pi) Ci + (Po — Pa) Ce 
+ (Po— Ps) Cs + (Po— Ps) Cx =0 (17) 


and therefore 


Py - P, 


S Foc y 
CUP = Pye ea IP Peas 
eed Sete Pelee 
P,P, ap, Spe ee 


Fic, 5 


Fig. 5 corresponds to five units. 
By symmetry 


(P, — Po) = (Ps — Pi) 
a ae of ) Ria 0 of Wty ig (19) 


and, equating the charge at P, to zero, 


(Pi — Po) Ci + (Pi — Ps) Ci + (P: — Ps) Co + 
(Pi-— Pi) Cy + (Pi — Ps) G =0 (20) 
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Eliminating P; and P, between equations (19) and (20), and 
reducing, 


(Pi — Po) (2C1 + C2 + 2C3 + Cs) = (Po — Po) (Ci — C2): 
+ (Ps — Po) (C2+ C3 + Cs) (21) 


Similarly, by equating charge at P: to zero and eliminating 
P; and P, by equation (19), 


(P2 — Po) (8C1 + 2C2 + C3) = (Pi — Po) (Ci — C2) 
(Pei sPo) (Cy + Ga °C) (22) 


Combining equations (21) and (22), 


(Gio) Co) Ces Cr Gs) 
bo Se AS Ci 2Ca +1 Cs) 


Os (9 C a= Go tt OG.) 


+ (Cit Cr+ Ci) 
(Ci — CG) 
(3C: +2C2 + Cs) 
(23) 


Fic. 6 


(Ci = Or) (Catto) poigsc 
Po— Po 2 G++ 2654+ Cy) Meee 
ee Poel hope Cote. Cs) io he 
(8. Cy, + 2C2 + Cs) 9€,+¢C.+2C03;4+C 


(24) 


Equating the charge at P» to zero, 
(Po — P») Cy + (Po — Pi) Ci....(Po — Ps) Cs =0 (25) 
whence 


oth ee Po — Pi Po ~ Pao 26 
Cee OE pp, tp op, 1 (26) 
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Similarly, for six units: 
By symmetry 


P3; aaa Po — (27) 
and, equating charge at P; to zero, 


(Py — Po) Cy + (Pi—P:) Ci’ + (Pi — Pa) Cr a ie 
(28) 


Eliminating P3, Psand P; between equations (27) and (28), 
and reducing, 


(P,; — Po) (2Ci1 + Co + C3 +20, + Cs) = (P2 — Po) (Ci — Cs) 
+ (Po~ PI(G+at at cs) (29) 


Equating the charge at P2 to zero, 


(P: — Po) C2 + (P2 — P1) (Ci) + (P2 — Ps) (Ci) + (P2 —Pa) Ce 
+ (P2 — Ps) Cs + (P2 — Ps) Cx = 90 (80) 


and, eliminating P3, Py and P; by equation (27), 


(Ps — Po) (2C, + 8C2 + C3 + Cs) = (Pi — Po) (Ci —Cs) 


+(Pe— Po) (GH Gt +c) (31) 
\Eliminating P, or P; between equations (29) and (31), 


(Ci— Cs) (G+O+C+C) Ce: 
no OOF GEE) +t (gtotata) 
TE meso rrea ls < 
(2+ Crt Cs +2 Ct+Cs) — Ota GT GtG) 


(32) 


and 
(C.-C) (G+ Cr+ C+ 6s) C, 
Pr—Po_ (2C:+C:+C3+2 Ci+Cs) om (5 +O2+Cs+ C1) 


P,—P maak) 
me 2 Cet Cok a Cali CLR MORMON E TORT oy 


(33) 


1912] DISCUSSION AT SCHENECTADY 941 


Now equating the charge at Pp to zero, 


Pole) Cy (Po Pi)-Cy + ©... (Po — Pe) Ce = 0 (34) 


whence 


ae PoP, 


Ce = Cp EL 


Bee ee oe 

In like manner for seven or more units the capacity and poten- 
tial coefficients may be derived and hence the potential distri- 
bution calculated. 

Fig. 7 gives the results of a set of observations taken on units 
similar to that shown in Fig. 6. 

The frequency was 53 ~ per sec. 


ny 4 


2 
s 
2 
SN 
? 


3 
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HE | le eel ee 
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Fic. 7—VOLTS ACROSS Cy, WITH ” UNITS IN SERIES 


The voltage was controlled by resistance in the alternator field 
and measured by the auxiliary coil method and by electro- 
static voltmeter. ; 

Fig. 8 gives the calculated capacity coefficients. 

Fig. 9 shows the resulting potential distribution over the units 
in strings of different lengths. 

The ordinates represent percentages of what the stress would 
be if it were uniformly distributed. For example, in a string 
of four units the stress on the end unit is 130 per cent, on the 
second unit is 70 per cent, on the third unit 70 per cent, and on 
the fourth or other end unit 130 per cent. 

Fig. 10 gives the calculated flash-over voltage on the assump- 
tion that the failure of a string occurs at the same stress on the 
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end unit in each case, that is, the breakdown of the end units 
causes the remainder to fail by concentrating on them nearly the 
whole of the voltage. 

_ The units in strings of two or three fail by flash-over of the 
insulator as a whole, and this occurs at a lower value of voltage 
than that corresponding to successive breakdown. The test 
points lie below the calculated. 

With four units, Figs. 11, 12 and 13 show failure both by 
successive discharge and by air arcing. At this number of units 
the calculated and test curves cross. 

With five or more units the failure is due to the unbalanced 
potential distribution, that is, to successive discharge, and occurs 


1 2 


3 5 6 7 
NUMBER OF UNITS 
Fic. 10—CALCULATED FLASH-OVER VOLTAGE 
0=Test points 


at a higher voltage than calculated, because of the auto-grading 
of capacity produced by corona. 

The capacity of the various units against ground may be 
inserted in the equations and evaluated by taking readings with 
successive points of the transformer winding grounded, thus 
giving Po definite arbitrary values. 

If the capacity to ground were appreciable in comparison with 
Ci, C2, etc., the flash-over voltage would vary with the value of 
Po. 

Flash-over tests were made under these conditions but no 
appreciable difference could be detected from the results obtained 
with the neutral grounded; for this reason the capacity to 
ground has been neglected. Its general effect, if present, would 


944 DISCUSSION AT SCHENECTADY [May 17 


be to make the potential distribution asymmetrical, throwing 
more stress on the units next to the line and less on those next to 
the tower. 

For high-frequency surges the potential distribution is indi- 
cated more correctly by the calculated curve of Fig. 10 than by 
the test results, for, because of the time-lag of corona formation, 
auto-grading is absent. 

The effect of increased conductance by deposition of moisture 
on the surface is to even out the potential distribution over the 
various units, and it is even possible that where the failure is by 
successive discharge the insulator will flash over at a higher 
voltage wet than dry. 

These results show that in order to improve the characteristics 
of suspension type insulators the capacity should be graded to 
have the larger units near the line and tower and the smaller at 
the center-of the string, to even out the symmetrical unbalanc- 
ing, and with perhaps the line unit slightly the larger, to take 
care of the effect of any ground capacities which may be present. 

The experimental work of this investigation was carried out at 
the high-voltage laboratory of McGill University in conjunction 
with Mr. O. F. Hague and under the direction of Dr. L. A. 
Herdt. 


Harris J. Ryan (by letter): Some tests were made in March, 


1912, for the Bureau of Los Angeles Aqueduct Power, to deter- 
mine the manner in which capacity to neighboring unit, capacity 
to ground, capacity to the line conductor, corona, water 
vapor and rain conduction, damp dusty surface conduction, etc., 
affect the voltage duty of the individual unit, or the ‘‘ grading,”’ 
as it is called in the present paper. Table I shows unit voltage 
duties obtained in these tests for the dry six-unit suspension 
insulators: 


TABLE I 
Number of units Kilovolts across.| Kilovolts across | Kilovolts across 

unit unit unit 

1 10.3 12 18.4 

2 12 ; 14.1 i 21.7 

3 11.9 13.9 15 

4 7.2 ry Gh 21.6 

5 6.3 7.3 Lg 

=. 0 8 ce 11.6 

Total paneer Oe 63 100 

Other data: ; 
€, = flash-over in kilovolts per single unit = 76; altitude at which 


test was made, 3900 ft. (1189 m.) above sea level; ey at sea level given by 
manufacturer, 90. - A 

c2/cy = ratio of mutual to ground capacities, not measured, supposed 
to be about 25, 
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Ordinary temperature and barometric values existed during the tests. 

Top unit grounded as on tower. 

Bottom unit three ft. (91 cm.) from ground supporting No. 0000, 
B. & S., line cable. 

These six-unit insulators may be considered as having a normal voltage 
_ to ground rating of 54 kilovolts. 

In complete darkness no trace of visible corona appeared over any part 
of the insulator under the application of less than 100 kilovolts. 

The frequency used in the tests was 60. 

Corona appeared on the No. 0000 line conductor at 63.0 kilo- 
volts. It must be remembered that this was a single-phase 
circuit in which the line conductor was held three ft. (91 cm.) 
above the ground. The importance of the capacities of the 
units to the line conductor as a factor controlling the voltage 
duties of the individual units was brought out by the fact that 


TABLE II 
Kilovolts across each unit 
Number of units Theoretical Aqueduct Power 
(Peek) 
54 kv. 100 kv. 
1 100 80.3 | Mecano 
2 83 93.5 | 91.1 
3 71 92.7 | 63 
4 62 56.3 | 91 
53 57 49.1 49.2 
6 48 49.1 49.2 
f Total 421 421 421 
Eff. per cent 70.2 15 | ils 


the unit next to the line conductor did not in any of the tests 
sustain the highest voltage duty; such highest drop in voltage 
occurred usually across the second unit above the line conductor, 
though sometimes the third or even the fourth unit was sub- 
jected to about the same duty as.the second. 

The effect of conduction in the atmosphere produced by corona 
on the line conductor is brought out by the change in the in- 
sulator efficiency taken in the same manner as described in 
Mr. Peek’s paper. Thus at 54 kv. the efficiency is 74.5. per 
cent; at 63 kv., just at the corona start, the efficiency is un- 
changed, and at 100 kv. it has increased to 77 per cent. The 
efficiency would continue to increase slowly as the voltage is 
raised until the insulator failed through a cascading flash-over. 
At the efficiency of 77 per cent the insulator would fail at 6X76 
0.77 =350 kilovolts. It is a fact, as just noted, that the in- 
-ereased corona at flash-over would increase the efficiency by a 
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small amount and therefore this value of 350 kv. would be 
slightly increased correspondingly. 

The e,=74 and c2/c:=20 insulator of Fig. 19 in the paper 
is almost identical in characteristic make-up with the insulator 
employed in the Aqueduct Power tests. The curve in the figure 
shows that the suspension insulator in Mr. Peek’s test flashed, 
over for six units at 325 kv., which is in fair agreement with the 
above value of 350 kv., considering the differences in ¢2/¢1. 

In Table II the theoretical values are taken from the inter- 
polated curve, e1:=100, c2/c:=20, n =6, of Fig. 14, for the voltage 
duty of individual units as computed by Mr. Peek, using his 
theoretical method. The Aqueduct Power values are those 
given in Table I at 54 and 100 kilovolts, scaled to the same total 
voltage used by Mr. Peek, to facilitate comparison. 

In comparing these values it is also well to remember that the 
Aqueduct Power insulator had a higher value of mutual to 
ground capacity ratio than the insulator used in Mr. Peek’s tests. 

The results of our dry insulator tests show that while the 
voltages across the individual units are quite different from the 
theoretical values obtained by Mr. Peek, such differences are 
largely compensating, so that substantially the same over-all 
actual efficiencies are obtained. 

Experience has shown that the unit next to the line conductor 
is the one in a set most apt to puncture. It is not the one 
subjected to the highest operating voltage. Normal puncture 
voltage is made to exceed flash-over voltage by 20 to 50 per 
cent, dependent upon design and altitude. These facts indicate 
that the puncture is due to the application at the insulator of 
voltage higher than the flash-over value, so suddenly that punc- 
ture takes place before corona has time to develop sufficiently to 
concentrate into a flash-over. This accords with the possibilities 
made evident by experimental physics and with the views 
expressed in the paper. 

In Mr. Peek’s present paper all known factors that unite to 
bring about the failure of a suspension insulator are analyzed 
and the results of many tests are given. These analyses and 
tests have demonstrated unmistakably that over a wide range of 
types and operating conditions the single-unit flash-over vol- 
tage, ei, and the mutual-to-ground capacities ratio, ¢2/¢1, are 
truly the ‘bench marks ”’ of the characteristic topography of 
the suspension insulator. 

Practically, in any given endeavor, the contributing factors 
are varied and numerous. A few factors, however, are generally 
responsible for the characteristic results produced, and the rest 
work for and against such results—they do not in the aggregate 
have much effect. At best a theory can correlate and apply 
only a few factors. A useful theory must rest upon a thorough 
knowledge of all factors, those that have been excluded as well 
as those that have been included. The present paper is of 
much value, therefore, because of the success with which the 
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theoretical factors have been separated from the total mass 
of factors that bring about the aggregate behavior of the sus- 
pension insulator. 

_R. P. Jackson: In regard to the compression chamber 
lightning arrester, my experience has been that when non-arcing 
gaps are enclosed in a chamber of any kind, or when gaps, in 
fact, are enclosed in a chamber where rapid discharges take 
place, the metal fumes tend to make a continuous arc. It is 
well known that in unit switches, or any place where fumes of 
metal go out into the insulating spaces, these fumes will cause 
the arc to jump long distances, so, while not questioning the 
results obtained in the experiment, I am somewhat surprised 
at the effort to produce an arrester using a gap in an enclosing 
chamber, where the fumes cannot escape. 

In regard to the protection of the single-phase railway motors, 
the single-phase system generally has sustained no injury from 
lightning, and practically nothing has been necessary in the 
way of protection of the motor, because the motors are on the 
low-tension side of an auto-transformer. The auto-transformer 
very seldom suffers, as it is rugged and strong and well insulated. 

High-voltage direct current is not subject to any such auto- 
matic or natural protection. The motors are at least as vulner- 
able as the old 500-volt direct-current, and the higher voltage 
and the higher insulation of the line, and the greater number of 
turns in the armature, undoubtedly make the high-voltage 
direct-current system weak in this respect. 

That is a direction in which experiments must be carried out, 
and in which the results given in the paper indicate good work 
has been done, and will have to be continued, to make high- 
voltage direct current as reliable as the old 500-volt direct 
current, because it is the one weak spot in that system. 

It may be said that the experience with the ordinary rail- 
way motor is that the new motors do not suffer from lightning. 
The trouble is not with the new equipment, but with re-wound 
motors, motors which have been in service, which have had 
their armature cores bruised and new coils put in. The new 
coils which are put in may not be as strong as the original ones, 
and there is where the difficulty appears. This will also be true 
of the high-voltage direct-current motors coming into use. 

The direct-current electrolytic arrester is the most effective 
arrester for protecting motors, generators and anything of 
that kind. I should like to know if it has been found that opera- 
ting men in general will give the necessary care to such a sensitive 
and fragile device—they are more or less sensitive and require 
some care and attention. Psychologically, the condition is the 
same as when a man is cured of a trouble—he neglects the remedy, 
and the trouble recurs. The use of such a sensitive protective 
device would apparently be subject to the same psychological 
condition. | 3 

The insulator question is of great interest. I notice the fact 
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that wet insulators have a higher flash-over voltage than the 
same insulators dry. It is a curious fact that while lightning 
is supposed to occur, usually, during thunder storms, it does not 
always so occur, and storms which are attended with lightning, 
both on the line and the power equipment, are most serious just 
before the rain begins to come down, when everything is dry. 
The insulators are more readily damaged, the lightning goes 
into the power house, and generally the dry line brings about 
lightning troubles which are a good deal worse than those 
coming after the insulators are all wet. 

There is no mention of the fact that the insulators on the line, 
when all wet and leaking slightly, make good lightning arresters; 
and suddenly the lightning trouble vanishes because the rain 
has come down and made each insulator a mild lightning 
arrester. It would seem to me that an insulator which was 
designed so that its action would be about the same, either wet 
or dry, would be an excellent design; that is, it would not be 
likely to fail or suffer when it was wet, and would be equally 
good dry. 

I was somewhat surprised to learn that there is a difference 
in the quality of the water. It is mentioned in the paper that 
highly conducting water, or non-conducting or high-resistance 
water, makes a marked difference in the insulator voltage flash- 
over. How is it with rain? Is rain, being a distilled water, a 
highly resisting water, or can it be considered, as in Pittsburgh, 
for example, a pretty good conducting water? 

Charles P. Steinmetz: These papers are so complete that I 
have practically nothing to add, but want to draw your atten- 
tion to a very interesting phenomenon which is contained in 
the subject matter of two of these papers, that on the compression 
chamber lightning arrester, and the one on the suspension 
insulator. What I refer to is the potential distribution in a 
circuit containing distributed capacity in two different forms, 
as distributed series capacity and as distributed shunted capacity. 
In the compression chamber lightning arrester we have the 
capacity between adjacent disks and also the capacity of each 
disk to ground, the former a series, the latter a shunt capacity. 
In the string insulator we have the capacity across each insu- 
lator and the capacity from the connection between adjoining 
insulators te ground. In such a system the potential distribu- 
tion is not uniform, but the potential is higher at some places 
than at others. You will see that the problem dealt with in one of 
the two papers is just the reverse of the other one. In the suspen- 
sion insulator the problem is to get as uniform potential distribu- 
tion as possible. In the compression chamrber lightning arrester 
the problem is to get as ununiform potential distribution as 
possible, that is, to concentrate as much potential as possible 
across the first condenser. 

This is obvious, because in the suspension insulator the 
purpose is to hold back as high a voltage as possible with a 
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minimum number of condensers. In the compression chamber 
lightning arrester the object is to be able to use as many con- 
densers in series as possible with the same breakdown voltage, 
so as to get the arc-rupturing effect of as many gaps in series 
as you can get. So you see there is the same phenomenon 
applied in two opposite directions. 

The phenomenon was recognized first in the early days of 
the multi-gap lightning arrester, when the attempt was made to 
develop it for very high voltages and, as we know, that attempt 
failed, due to this phenomenon. It was not possible to design 
multi-gap lightning arresters for 60,000 volts and over within 
any reasonable size, due to the phenomenon of unequal potential 
distribution by the combination of shunt and series capacity. 

There is one interesting conclusion or suggestion which may 
be drawn from a consideration of the string insulator. We have 
seen that as nearly uniform potential should be secured as possible, 
to get higher break-down, and also the equations given in the 
paper show that the potential distribution between the insula- 
tors is independent of the frequency, that with two capacities 
acting in combination, each capacity takes a current propor- 
tioned to the frequency, so that in the relative currents and 
the relative distribution of potential, the frequency does not 
come in, apparently. However, in reality, when you come to 
very high frequencies, the frequency does seem to come in, 
because experience shows that in a transmission line very high 
frequencies, like oscillating discharges, lightning discharges, 
etc., act differently in their disruptive effect from low frequency. 
At the relatively low test frequency such an insulator string 
flashes over the whole string without puncturing. We find that 
very high frequencies, such as lightning, have the effect of 
puncturing the insulator nearest to the line, showing that the 
distribution at these extremely high frequencies is more ununiform. 

An explanation of this may be the equalizing effect of the 
brush or corona discharge, which changes or increases the 
capacity of the insulator near the line, where the voltage is 
higher, and so evens out the potential distribution. Then the 
conclusion which we would have to draw, at least the suggestion 
which presents itself, is that at very high frequency brush 
discharge or corona does not act to equalize the potential 
distribution. That means that the brush discharge does not 
appear, or in other words, it seems to point to the conclusion 
which other phenomena also have made probable, that corona 
or brush discharge is not an instantaneous phenomenon, but 
is a phenomenon which requires some appreciable time to 
develop—that when you apply a very high voltage the corona 
does not instantly rush out from the conductor, but gradually 
builds up the stresses from the insulator, and therefore, if 
the voltage is instantly applied at very high frequency, there 
is no brush discharge or corona, or at least a very small corona, 
while at low frequencies the corona exists. 
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I think this is a suggestion which is worthy of further investi- 
gation, because naturally brush discharge and corona at high 
voltages is an important factor, which determines potential 
distribution, and if it should not exist at some frequencies 
while existing at other frequencies, then we would not be able 
to judge of the potential distribution at high frequencies from 
that at low frequencies, and we would not be able to judge of 
the disruptive strength of the apparatus and its reliability at 
high frequency from that at low frequency. 

Charles F. Scott: These papers seem to me, as a group, to 
be an admirable presentation of a combination of theory and 
mathematics, of simple things, of manufacture, of engineering 
design, of operating conditions, and of looking forward to the 
future to the new and larger work which is to come. It is a 
remarkable group of papers. 

A striking feature of these papers is that they present simple 
things. I can scarcely recall a new principle involved in these 
papers, but there are new ways of doing things, combinations 
of simple things in condensed form, and fundamental elements 
of electrical engineering and of mechanical engineering are 
utilized in a way to meet new problems in new ways. 

Some of the papers, notably those on lightning arresters, 
will be recognized by some of the older of us as another step in 
the progress which has been going on for twenty years. This 
old so-called non-arcing lightning arrester had its beginning 
some twenty years ago, and has evolved one step, and then 
another, and then another, and is now attaining a very simple 
and obvious form by which to accomplish the results which 
have been aimed at all these years. 

I think that, as representing the Institute at large, we ought 
to commend the excellent work which is being done here by 
this corps of engineers of the manufacturing company, and the 
policy of that company in doing this kind of pioneer work. It is 
not in a narrow sense—merely making and selling machines, 
but it is doing that large kind of engineering work that is needed 
for the transmission interests of the country and for that larger 
electrical progress in which we are all concerned. So that I am 
sure that what I may say in commending the good constructive 
work which is now being done here will be acquiesced in by 
the Institute members from abroad, and we all join in a hearty 
expression of our appreciation of its presentation before us. 

R. Philip Clark: A question has been raised as to the mainte- 
nance and care of the direct-current aluminum arrester. At the 
time this arrester was first placed in commercial operation, several 
years ago, the principles involved were quite new and the opera- 
ting characteristics were so radically different from those of 
any other arrester, that it was only rarely that the aluminum 
arrester received proper attention. As a result of these and 


rm conditions the arresters often failed to have a satisfactory 
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The arrester has been improved since its first appearance, 
both in design and in the materials used. The addition of the 
balancing resistance has overcome the unbalancing of potential 
across the cells and has thus eliminated one of the most undesir- 
able characteristics of the arrester. Subsequent improvements 
in electrolyte and aluminum plates have made possible a much 
longer life than was obtained with the first arresters. However, 
when direct-connected to the line this arrester has only a mod- 
erate life as compared with the gap-resistance type of arresters. 
In view of this, the use of the direct-connected direct-current 
aluminum arrester is at the present time generally restricted 
to installations where the service is very important or the 
lightning conditions very severe. Periodic inspection of the 
arresters is essential, and the frequency varies from once a week 
to once a month, or at even greater intervals, depending upon 
the local operating conditions. Renewals of electrolyte and 
plates are likewise governed by the conditions of service, but 
generally average once every two years. 

Another type of direct-current aluminum arrester has been 
developed for car service which is much more satisfactory from 
the standpoint of maintenance and care. This arrester, which 
is provided with a series vacuum gap, has a protective value 
which is only slightly inferior to the direct-connected aluminum. 
arrester. The motion of the car causes the arrester to be auto- 
matically charged by means of a special charging gap. A 
suitable resistance is placed in series with the charging gap to 
prevent a destructive charging current whenever the arrester 
has been out of service for any length of time. 

It is expected that this latter type of arrester will have a 
useful life of three to four times that of the direct-connected 
aluminum arrester. In addition to this, the gap type cf alumi- 
num arrester is much better adapted to street car service, as 
it requires no special precautions when a car is replaced in 
service after a period of idleness. 

Cassius M. Davis: Since the paper by Mr. Cunningham 
and myself was written, an effort has been made to account for 
the rather large discrepancy in the values of the length of the 
line as determined from the measured inductance and capacity 
and as determined from the oscillograms. 

The first check made was the actual measurement of the 
natural period of the line. For this purpose the line was con- 
nected to a small high-frequency generator. Oscillograms were 
taken of the charging current of the line, at various frequencies 
above and below the resonance frequency. Each oscillogram 
also showed a 60-cycle timing wave. A constant potential of 
120 volts was impressed upon the line by the generator and the 
charging current was read on an ammeter in series. The curve 
plotted between frequency and charging current shows resonance 
at 353 cycles. This figure corresponds very closely to 363 cycles 
as calculated from the measured values of inductance and 
capacity. 
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The second check comes as a result of the measurement of 
the speed of propagation from oscillograms which record only 
the currents of the impulses. .f 

It was suspected that the current taken by the oscillograph 
vibrators which were used to indicate the voltage of the impulses 
might act as a serious leakage conductance, and, if this were so, 
oscillograms which showed no voltage curves would give a more 
nearly correct value of the time of propagation from which the 
length of the line could be determined. This was found to be 
the case, and the average length of line comes out to be in one 
case 126 miles (203 km.) and in another 132 miles (212 km.), 
the average of which, it will be seen, is almost exactly the same 
as calculated from the measured line constants, 128 miles (206 
km.). 

. A. Worcester: I wish to express my appreciation of the 
remarks made by Messrs. Lincoln and McClelland in connection 
with the ground wire assisting in the support of transmission 
towers. I agree entirely with their opinion. As to Mr. Lincoln’s 
remarks regarding the stretching of conductors, I think it is 
dangerous to allow the conductor to stretch. The stretching 
of the conductor, while mounted on the transmission line, will 
not be the same as when it is being drawn in manufacture. 
Stretching of the transmission wire will probably occur at the 
cable clamp or tie wire, or at some weak place in the span, and 
the section of the conductor at that place will be reduced so 
that a future break will undoubtedly occur there. 

In connection with the remarks of Mr. McClelland on the 
suspension type of insulator, I do not believe it would be desirable 
to allow very much for the extra length thrown in the conductor 
when the wire breaks, by the length of the suspension insulator 
itself. The length of the insulator is not added to the conductor 
until the wire actually breaks, and then it is useless. Further, 
when the wire does break, and the insulator is drawn up to a 
horizontal, instead of vertical, position, there is a very severe 
ae on the tower, likely to wrench the cross-arms and loosen 
them. 

F. W. Peek, Jr.: I want to elaborate a little on the point that 
Mr. Lincoln has brought out in regard to increasing the capacity 
of the line unit. Decreasing the thickness of the porcelain 
between pin and cap on the units of a string, by increasing the 
mutual capacity without changing the capacity to ground, may 
often actually increase the arc-over voltage of the string. For 
high string efficiency the problem is to make ¢2/c, as high as 
possible. There is also a best ratio between pin diameter and 
cap diameter for minimum stress on the porcelain next to the 
pin—that is, for a given internal diameter of cap the puncture 
voltage may often be increased by increasing the diameter of the 
pin and thereby decreasing the thickness of the porcelain. With 
regard to the effect of rain in improving voltage distribution, the 
leakage current through the water is generally very large com- 
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pared to the capacity current, and therefore predominates in the 
balancing effect. 

In the equations the effect of the line conductor, as being 
slightly greater on the unit nearest the line, is not considered. 
This would complicate matters to a great extent without adding 
in any way to the value of the equations. The effect is to 
lower slightly the voltage on the first unit. The actual string 
voltage and efficiency are not, however, appreciably changed 
from values calculated from the equations. I have read Pro- 
fessor Ryan’s discussion with great interest. Taking the data 
given for the Aqueduct Power insulator, 
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from Table X in Electrical Characteristics of the Suspension In- 
sulator, we find by interpolation k = 6.5. Then from equation 
(4a), 

€,% 76 X 25 
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This checks fairly well with Professor Ryan’s result. It would 
have been interesting if Professor Ryan had indicated the method 
by which the voltages across individual units were measured. In 
making this measurement it is difficult to find a means whereby 
the voltage balance will not be changed by the measuring instru- 
ment. We have made a number of such measurements, the 
values of which check fairly well with the theoretical ones, but 
we have never been quite sure that the voltage distribution was 
not changed by the measuring instrument. 
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FREQUENCY 


BY D. B. RUSHMORE 


The subject of frequency for commercial power and lighting 
systems, far from being settled, is discussed again with every 
new installation. Frequency affects the operating characteristics 
of circuits and apparatus, and also their cost. 

The frequencies in commercial use in this country are shown 
in the upper part of the accompanying table. While 40 cycles 
might possibly have been the best frequency for general use, it 
did not become standard, and the choice is now between 25 and 
60 cycles. The uncertainties regarding future developments in 
large railway work have to be given some consideration. The 
physiological effect of different frequencies has been shown to 
be a matter of much importance and it is being investigated. 
Of the effect of different frequencies of light rays on vegetable 
life but little is yet known. 

In the following discussion the influence of frequency will be 
treated in connection. with generators, transformers, transmis- 
sion lines, lightning, induction motors, synchronous motors, 
frequency changers, synchronous converters, railroad work, 
switching phenomena and illumination. 


GENERATORS 
A general formula for the induced e.m.f. of all generators is 


as follows: 
BE, =4ku ki fnq 10° 


The frequency of synchronous machines in alternations per 
minute is equal to the number of poles times the revolutions per 
955 
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FREQUENCY 
Cycles | Wave length - 

Alternating-current field.............. 15 20,000 km. = 12,500 mi. 

| 25 12,000 km. = 7,500 mi. 

30 | 10,000 km. = 6,200 mi. 

Saar 9,100 km. = 5,650 mi. 

4027 | 7,500 km. = 4,650 mi 

50 | 6,000 km. = 3,750 mi. 

60 5,000 km. = 3,100 mi. 

66 4,550 km. = 2,800 mi. 

125 | 2,400 km. = 1,500 mi. 

133 | 2,250 km. = 1,400 mi. 
Sound—Lowest audible............... 15 66 ft. in air 
Highestvatidiblewe..anncieinee 8,000 1.5 in. in air 


High-frequency currents, surges, oscilla-| 
tions, arcing grounds, lightning, etc. 


Wireless telegraph waves........... { | 10° 3 km. = 10,000 ft. 
| 107 30m.) i= PP L00ft 
Hertzian wavesia..o..¢ ui catcnie seine | 107 . 30m. = 100 ft. 
| 10° 30 cm. = 1 ft. 
Limit of electric waves................ | 5 x 1010 | 0.6 cm. = 0.25 in. 
Visible light rays: ‘ 
Ulira-redaarmath once on cree | 3.7 x10! 81 x 10° cm. 
REG ics Situcalbvorewhe min exsmerers 4.61 x 104 65 x 10° cm. 
Oran gels sn:ciscrdsaeeiton on 5.15 x 1014 58.3 x 10 cm. 
Vellowsassscton citer wtane 5.44 x 104 55.1 x 10-6 cm. 
Green yah eee ha. kee 5.86 x 104 51.2 x 10-6 cm. 
Blue TIO TC at CTO Ee eee 6.32 x 10! 47.5 x 10% cm. 
Ladigos,, suture c tees 6.66 x 10!4 | 44.9 x 10-6 cm. 
Miolet. nGenama aceite. one 7.5 x10! 40 x 10% om. 
Ultra-vidlet, rayss. wero) sce eee 7.7 x 10" 39 x 10° cm. 
30 x 10!4 10 x 10 cm. 
X-rays (estimated)),....5.1.<400.b ate k 3 x 1018 0.1 x 10-6 cm. 


- 
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minute, and the periodicity or cycles per second is shown by 
the following equation: 


number of poles X rev. per min. 


Cycles = 120 


The following tables show the speeds for 25 and 60 cycles for 
which generators are usually built: 


60 Cycles 25 Cycles 
3600 1800 1200 1500 750 500 
900 720 600 375 300 250 
514 450 400 214 187 167 
225 200 £180 150 125 107 
164 150 120 100 94 83 
100 90 80 62 58 


72 


Parallel operation is more satisfactory at low frequencies, so 
far as the variation in angular velocity is concerned. Due to 
other factors, the conditions for parallel operation depend more 
upon the relations between natural and impressed frequencies, 
rather than upon the absolute value of either. 

When two synchronous machines are operated together on — 
the same system there is a natural frequency of oscillation 
between them. This is represented by the following formula: 


35,000 ft hws CS: 
rev. per min. WR? 


With reciprocating apparatus a frequency is impressed on 
the system by the relation of the impulses of the engine, and if 
this frequency approaches the natural period, trouble from hunt- 
ing is likely to occur. 

Due to the lower core loss with lower frequencies, the efficiency 
is naturally better at 25 than at 60 cycles. The cost is also 
increased by the frequency, as shown in the curves, there being 
a natural tendency for 25-cycle apparatus to be heavier than 
60-cycle. 

Due to the fact that there is a natural relation between the 
windings of electrical apparatus which varies inversely as the 
square of the frequency, the higher the frequency the greater, in 
general, is the peripheral velocity at the same revolutions per 
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minute. Increase in peripheral velocity means a larger diameter 
with a smaller length and a better natural ventilation. 

As a general rule, the labor item is higher on the higher 
frequency machines, and the material item higher with the 
lower frequencies. 


‘ 
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SYNCHRONOUS GENERATORS. 


TRANSFORMERS 


The fundamental equation for the induced e.m.f. being as 


follows: 
; E, = 4.44fnq¢ 108 


it is easily seen that the influence of frequency on the design 


and operation of transformers is of first importance. With 


transformers and other electric apparatus using two windings _ 


and an iron core, the ratio of turns, other factors remaining the 
same, will be approximately inversely as the square root of the 
frequency. The lower the frequency the larger the flux, and the 
larger the number of turns for the same voltage. Therefore, 
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transformers increase in cost and weight as the frequency de- 
creases, as shown in the curves. 

The regulation of 25-cycle transformers is not quite as good 
as for 60-cycle on account of the increased drop, due to the 
greater number of turns and their increased mean length. 

The output of a transformer is a function of the magnetic 
and current densities at which the iron and copper are working, 


COST OR WEIGHT 
N 
{3} 
Na) 
N 


17 7 
rat yt pot 
Ca 
An cai @ 
/ LEM TE 
A(t 
|Z Load 
0 
; i 
if 
/ ime flagella: 
_— 


fi CAPACITY 
WATER-COOLED TRANSFORMERS. 


the space factor, the area of the iron and copper sections, and 
the frequency at which the transformer is working. With other 
things constant, the greater the densities at which the iron and 
copper are working, the greater will be the output of the trans- 
former, while on the other hand the iron and copper losses will 
also be greater. The limit to which the densities may be in- 
creased is set for the core by the point of saturation of the iron, 
and in the copper by the consideration of heating. 
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The output as related to the frequency, with other things 
equal, is such that approximately 


Ko-a. « fo“! 


TRANSMISSION LINES 


All insulating material is supposed to be affected by dielectric 
hysteresis, which varies directly as the frequency. The equation 
for dielectric hysteresis is as follows: 


Pa:= 2tand7~-Ci?¢ 


This has not, up to the present time, been regarded as an 
important factor in the breakdown of insulating materials. 

Transmission lines are designed from considerations of regu- 
lation and efficiency. The regulation is better as the frequency 
is lower, and so for commercial work 25 cycles is preferable to 
60 cycles, considering the line alone. The capacity current plays 
an important part with small units and high voltages, rendering 
it often impossible to throw one machine on the line alone. 
Both the reactance and the capacity current of the line are 
proportionate to the frequency, as shown by the following equa- 


tions: 
Reactance = 27 fL 


Capacity current = 2a7fCE 


The continued extension of voltage and length of lines will 
undoubtedly necessitate the use of shunt reactances across 
the phases to neutralize the charging current by the wattless 
magnetizing current, but the best result would be obtained by 
having the reactance automatically cut out as the load comes 
on the receiver circuit and increases the magnetizing current 
of the transmission system. For practical purposes, however, 
a mean value of reactance would probably be designed which 
would give the best results throughout the range of load under 
which the system is operated. The use of synchronous apparatus 
along the line and at the receiving end, can, of course, be made 
to play the same purpose as either capacity or reactance, by 
either over- or under-exciting the machines. 

In long transmission lines at the higher frequencies, with an 
inductive load in the receiving system, trouble is not infrequently 
experienced from the sudden removal of the load, due to the exces- 
sive rise of voltage which limits the sensitiveness with which the 


lightning arresters may be adjusted, and other disturbances may 
also be encountered. 
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Many phenomena connected with the operation of transmis- 
sion lines bring about electrical disturbances. The frequency 
of these is entirely independent of that impressed on the system. 
Certain quantities of electricity may be set free on the conductor, 
due to the discharge of lightning. After the removal of the im- 
pressing influence these oscillate with the natural frequency of 
the line, which is given by the following equation: 


es 7900 
eres 

It is desirable to keep the natural frequency of the system as 
far as possible from the operating frequency, or from a multiple 
of it. The apparatus connected to the line usually differs from 
the natural frequency to an extent which is difficult of de- 
termination. 

One of the limiting features of increasing the voltage on trans- 
mission work will be the loss by corona. This is proportionate 
to the frequency, and may be calculated from the following 
formula: 


Po = LGV (e — 0)? x 10° 


It has been proposed to utilize corona loss as a protective 
measure by making the wires of the line near the power house and 
substations just below the normal size, so that any considerable 
increase in voltage would bring about its proportionate corona 
loss. Up to the present the determinations of corona loss as 
regards its correction by transient voltages and magnitude of 
loss at the voltages which would occur, do not seem to give great 
promise of this as more than a slight assistance for protection. 
There is no reason, however, why this should not be used for 
what it is worth, and that many times it would be of some un- 
known value as a protective device. 

Due to the voltage rise which takes place on long high-current 
lines, even from the charging current, and especially where the 
lines are placed at different altitudes, one part of a system may 
be giving a considerable corona loss while another section of the 
line is, both in factors of voltage and altitude, below the critical 
point. 

The resistance of wires and cables carrying alternating currents 
is also affected by the frequency, in that the current is not dis- 
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tributed uniformly over the cross-section of the conductors, 
the current density being higher near the periphery. This is 
known as “skin effect”, and results in an increased resistance. 
The effect is, however, negligible for low frequencies and small 
conductors, but increases rapidly for higher frequencies and 
large conductors. With magnetic material it is much higher 
than with non-magnetic. The equation for the skin effect 
coefficient is given by the following approximate formula: 


1+V14(4) 
hy 52: 


Cs 
k R 2 
For copper (5) = 0.0105 ad? f 
Boreliandn (5) = 0.0063 a? f 


The values of the skin effect coefficient for copper and alumi- 
num are given in the following curves, both for 25 and 60 cyles. 
For the true resistance, multiply the ohmic resistance by the 
skin effect coefficient. 

For certain kinds of transmission work and especially for 
long spans, duplex metals are being used, where a steel core is 
surrounded by a copper or aluminum cylinder, or a stranded 
cable wound on the steel core. The object of this, of course, 
is to gain additional strength from the steel while possessing 
the conductivity of the copper or aluminum. Such a construc- 
tion could, however, be well used where any question of skin 
effect is presented. 

The constants of an electric circuit are found in the mechani- 
cal analogues of systems possessing inertia and elasticity where 
the movement resulting from cither is retarded by resistance. 
In the case of a material possessing elasticity and inertia and 
being disturbed by stress, the return to a condition of equilibrium 
is accompanied by oscillations or not, depending upon the con- 
stants of the system. This is true of the discharge of a condenser 
or capacity charge in an electric circuit, and is developed by the 
relations of the resistance, reactance and capacity. If R? is 


4L ; : 
equal to C the discharge takes place without oscillations, but 


- ae 
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just bordering on that condition. If we have the condition R2 


et 4L ae ; 
less than —,— the charge oscillates until the energy is discharged 


e 


in the resistance. Where R? is greater than a no oscillation 


takes place and no abnormal voltage is produced in the circuit. 
It should be recalled that the rise of voltage always takes place 
across the reactance. This is a specific case of a very general 
law. 
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LIGHTNING 


The protection against high-potential phenomena produced 
in electric circuits by atmospheric lightning is of the greatest 
importance in transmission systems. 

Any equalization of the potential distribution in a thunder 
cloud above a line by a lightning flash will cause a change in 
the electrostatic charge of the line, corresponding to the changed 
potential difference between ground and cloud above ground, and 
the static charge thus set free on the line will move as a travel- 
ing impulse or wave along the line. The frequency of these_ 
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impulses corresponds to the frequency of the lightning discharge, 
some having a magnitude of about one-half million cycles. Since 
the velocity of propagation of electric disturbances equals the 
velocity of light, or 188,000 miles (302,557 km.) per second, the 
188,000 


=O 000 3/8 mile, or about 


wave length of the impulse is 


2000 ft. (609.6 m.). 

These impulses travel<along the line until their energy is 
dissipated, or they are reflected at the end of the line. If the 
latter is the case, the reflected and incoming waves may combine 
into a standing wave or oscillation; that is, a wave with fixed 
position on the line. With different oscillations superimposed 
upon each other, a traveling wave of moderate potential may 
therefore cause dangerous voltages when breaking up into 
oscillations, just as the rise of the ocean waves in the surf. 


INDUCTION Motors 


The speeds of 25-cycle induction motors for general applica- 
tion are practically limited to 750, 500 and 375 revolutions per 
minute, while the corresponding speeds for 60-cycle motors would 
be 1200, 900, 720, 600, 514, 450 and 400 revolutions. Twenty- 
five-cycle motors could, of course, be wound for two poles, giving 
a speed of 1500 revolutions, but this is rarely done except 
in the very small sizes. The objection is that since the flux 
per pole is twice as large as in the four-pole type, the section of 
iron back of the slots must be twice as great, for the same rotor 
diameter. Moreover, the end connections become very long 
and the machine difficult to wind and consequently the cost is 

very materially increased. 

The efficiency depends upon a number of features. The lower 
frequency will, of course, tend to make the iron loss less, but on 
the other hand the copper loss will be considerably greater on 
account of the longer end connections, and as a rule, the efficiency 
is found to be somewhat lower for low than for high-frequency 
motors. 

The power factor of an induction motor is expressed by the 


kw. input 


ratio ———,-"—_. 
a ae input 


It is affected by the reactance and the 
magnetizing current. At constant line voltage the latter remains 
practically constant, while the former varies with the current. 
The shape of the power factor curve, that is, the power factor 
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at fractional loads and overloads, therefore, depends upon the 
relative values of the magnetizing current and the reactance. 


Power factor = cos 6 = a 


A motor with a relatively large magnetizing current and a 
low reactance will in general have a low power factor at fractional 
loads and a rapidly increasing power factor at higher loads, 
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while a motor with a relatively low magnetizing current and 
a high reactance will have a high power factor at fractional loads 
and only a slightly greater power factor at overloads. 

The 25-cycle motor has an inherently lower reactance and 
requires less magnetizing current, for which reason its power 
factor is considerably higher than for high-frequency motors. 

The starting torque and the maximum torque depend inversely 
on a function of the reactance, and are therefore higher for low 


- frequencies. 
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The starting torque of an induction motor is equal to 
Hn 
FZ 
The starting current is equal to 
£ 


Z 
The running torque is equal to. 
b eis 
[(r1 + 572)? + s? X4 
The maximum torque is equal to 
k eee | 
2 (re Se Vr ae X?) 


k 


Comparing the weights, based on motors of the same capacity | 


and speed, it is found that, on the average, 25-cycle motors will 
weigh about 15 per cent more than 60-cycle motors. For the 
smaller sizes there is very little difference in the cost, but as the 
sizes increase there is a marked difference in favor of the 60-cycle 
motors, as shown in the curves. 


SYNCHRONOUS MOTORS 


The starting torque of synchronous motors is relatively small, 
but with the use of amortisseur windings a considerable torque 
is obtained at starting, particularly for lower frequencies. Any 
reasonable amount of torque can be provided by making the 
amortisseur winding of sufficiently high resistance, but the ob- 
jection to this is that the higher resistance the more will the speed, 
up to which the rotor will be brought by the torque of this wind- 
ing, fall short of synchronous speed. The ideal condition would 
therefore be accomplished if the starting winding could gradually 
be changed from one of high resistance to one of low, as the 
motor speeds up. This could be done by making the end rings 
of the armature winding of magnetic material and utilizing the 
“skin effect ’’ in increasing the resistance. 

At start, the currents in the end rings are naturally of the 
highest frequency, and consequently the skin effect and the 
corresponding increased resistance are also highest. As the motor 
speeds up the frequency of the rotor currents decreases, this in 
turn causing the skin effect and the increased resistance to 
decrease, until at synchronism the periodicity would be zero and 
there would be no “ skin effect.’’ It is therefore evident that 
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- the impedance of the end rings will gradually decrease from a 


high to a low value as the motor gets up to speed. 

When machines are driven at high speeds the choice at 25 
cycles is extremely limited, and in many cases this develops a 
situation in which the 60 cycles is more desirable. Where, 
however, as is usually the case with synchronous motors, low- 
speed apparatus is to be driven, the machinery can usually be 
adjusted in speed to that of the 25-cycle motor. 

The wide gap in speeds with 25 cycles operated between 750 
and 1500 rev.per min., with the four- and two-pole arrangement, 
leaves a field which it would often be desirable to utilize were 


‘it possible to do so. 


FREQUENCY CHANGERS 


Frequency changers are primarily used for effecting a change 
in frequency. They are either utilized for obtaining a frequency 
high enough for lighting purposes from a low-frequency system, or 
as a means of interchanging power between systems opera- 
ting at different frequencies. 

‘The change from 25 to 60 cycles or vice versa requires a set 
running at 300 rev. per min., which is a serious limitation 
because this speed is much too low for the economical design 
of frequency changers of small or moderate size. If an exact 
ratio is not absolutely necessary, as when power is taken from 
an existing system for lighting and industrial purposes, and the 
frequency changer is not intended for tying two generating 
systems together, the available range of speed is greatly in- 
creased, as shown in the following table: 


FREQUENCY-CHANGER COMBINATIONS 


Frequency - Poles 
- - Speed Generator 
frequency 
Motor Generator Motor Generator 
25 32.5 4 10 750 |" 4.17 per cent high 
25 62.5 8 20° = 375 | 4.17 per cent high 
25 60 10 24 300 | Exact 
25 58.3 6 14 500 2.78 per cent low 
25 56.3 8 18 375 | 6.18 per cent low 
60 26.7 18 8 400 6.8 per cent high 
60 PAitey 14 6 514 2.8 percent high 
60 25 24 10 300 | Exact 
60 24 20 8 360 4 per cent low 
60 24 10 4 720 4 per cent low 


While synchronous motors are almost invariably used with 
frequency changers, induction motors may be used if proper 
arrangements are provided for adjusting the slip so as to insure 
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a satisfactory parallel operation. This adjustment, of course, 
means the introduction of a permanent resistance and a corres- 
ponding loss, and is therefore undesirable unless other advantages 
of greater importance can be obtained. 

Where only one set is required speed adjustment is not neces- 
sary and the motor may be designed with a slip which will just 
be sufficient to bring the generator frequency to the right value. 
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SYNCHRONOUS CONVERTERS 


A synchronous converter being in effect a combination in one 
machine of a synchronous motor and a direct-current generator, 
the important factors in which the frequency is concerned have 
to do almost entirely with the continuous-current side. The 
continuous-current generators, as a rule, run at frequencies 
much below 25 cycles, and at the frequencies of synchronous 
converters, especially for 60 cycles and above, the problems 
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of commutation and commutator construction become of 
importance. 

The pole pitch on the commutator, armature or field, is the 
space passed through in one alternation. It is thus seen that 
there is a natural tendency toward higher peripheral speeds at the 
higher frequencies, and it is the limitation of peripheral speed 
which fixes the limits of design. 

With direct-current machines this occurs with turbine-driven 
generators and the commutators, which are necessarily mechan- 
ical in construction, consisting, as they must, of a certain amount 
of insulation. Direct-current generators are therefore more 
limited in speeds than alternating-current, and the same holds 
true when they are combined as in synchronous converters. 

Improvements in design have made the 60-cycle synchronous 
converter satisfactory for the conditions under which such 
machines operate. At the lower frequencies, however, converters 
are more satisfactory in their operation, and necessarily of a 
greater margin of safety as regards the electrical and mechanical 
limits of commutation. In efficiency the 25-cycle converters 
are slightly higher than the 60-cycle, and the relation of costs 


is shown in the curves. 


RAILROAD WORK 


Twenty-five cycles has been recognized as the standard fre- 
quency for railway systems in this country. Until not long 
ago all systems were of the alternating-current-direct-current 
type, alternating current being generated and transmitted to 
the various substations, where it was. changed to direct current 
by means of synchronous converters. The choice of this fre- 
quency was therefore chiefly caused by the less satisfactory 
operation of the earlier types of 60-cycle converters. 

Even with the successful operation of the present 60-cycle 
converters, there is no reason for changing the standard 25- 
cycle frequency. While 60 cycles would be preferable as 
far as the generators and transformers are concerned, this is 
offset, however, by the advantages of the 25-cycle transmission 
system and the lower cost of synchronous converters for larger 
capacities. The 25-cycle lighting can also be considered as 
satisfactory for railway purposes. 

With the introduction of the alternating-current railway 
motor, 60 cycles is obviously almost entirely eliminated, due to 
the excessive impedance drop and “‘ skin effect ’’ caused by the 
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alternating current flowing in the rails. The 25- cycle system, 
on the other hand, is fully satisfactory for this service, and 
although the 15-cycle system has been advocated, its advantages 
over the 25-cycle system have not been proved to be of sufficient 
weight to necessitate a change in the present standard frequency. 

In Europe, however, a few recent single-phase systems are 
using this frequency. 


SWITCHING PHENOMENA 

The interruption of high-tension electric circuits is generally 
accomplished by means of oil circuit breakers so as not to pro- 
duce any abnormal disturbances. The rupturing capacity of 
an oil circuit breaker is dependent upon the velocity with which 
the contacts part, their size and shape, the quality of oil, the 
electrical characteristics of the circuit, the length and number of 
breaks, etc. 

The most distinctive feature of the oil circuit breaker lies 
in the fact that when the alternating current that is maintaining 
the arc in the oil passes through zero, at which point the electro- 
magnetic energy is a minimum, the current is interrupted and 
remains so until the voltage rises to a sufficient value to puncture 
the oil insulation which has been established between the con- 
tacts. As soon as this occurs, the current re-establishes itself 
and flows for another half cycle. This successive going out of 
the arc and its re-establishment thus continues until sufficient 
insulation is interposed between the contacts to resist the maxi- 
mum voltage of the circuit. A lower frequency is, therefore, more 
desirable from a switching standpoint. 


ILLUMINATION 


Where alternating current is used for lighting, the 60-cycle 
frequency is generally used. No arc lamp has as yet been devel- 
oped that will operate with entire satisfaction on frequencies 
of less than 40 cycles, and incandescent lamps cannot be used to 
advantage on frequencies of less than 30 cycles. Low-voltage 
incandescent lamps show no flicker; but the effect of fatiguing 
the eye is noticeable at 25 cycles, especially in high-voltage lamps. 

In systems where lighting predominates a 60-cycle frequency 
should therefore be selected, while if most of the energy is to be 
used for power purposes the condition may be such that 25 
cycles would prove to be preferable, in which case frequency- 
changers can be provided for changing the current required for 
lighting purposes to 60 cycles, 
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FREQUENCIES USED IN SOME EXISTING SYSTEMS 


Central Stations: Cycles 
Newevorcuaison @ompanv. os.) 206+.) ..,.25 and 60 
SOOO RAvi Giserr COmMaiy- e+. ss<.. >... 0.52.0... 8B 
POcuOtet disgie Company fy o8. sis os ss ey oe ne zo. 60 
Commonwealth Edison Company..................25 and 60 
Detroliee disoun@ompanyeeeer mele .o6cccseasce. eaten, 2.60 

Transmission Systems: 

Sreau Wester! Powel COmpanys. sac. oi s.ivve. tae: fees. 60 
Ontario Power Company.......... Se ietatuink Mato beeen s DO 
Sierra & San Francisco Pawar Company: ak. Anh e esate oh OU 
Mississippt River Power Company...) JJ) ...0.0....50..,.25 
Pennsylvania Water & Power Company...........:.......25 
Southermebower Compartiyaris mock cues. Atwnib oaecee bee 60 
GentraleGeorptavPower Company +.).cs.- 0+ et)ee ssa. ..60 
CGenrhlasuower Conpanyat adit hie ee tes 60 
GreaywNorthera Power Companys... ka. esas oes vee oes 25 
Washington Water Power Company.......................60 
Railroads: 
New York Central Railroad. . dia RSIS Rete ha ache e caas se AS 
New York, New Heavens itartarde 5 ony ol beck Seneca & Greer s PAs 
“eT ee a Ue 
Cream Nonheniekallcoa deer are ws kbord ccs ie- ction ee set nee: 25 
Bittrewanaconda ccPacine Railroad... ...402+< sc. 06 ees 200 

Steel Mills: 
indtanasoresl Companyiecr sea. sau) his unless he now he 20 
ldtinnostms rears | Choline aveWanice Senso g eaukaid 6 case Cron eas ene cues ome oe 25 
Lackawanna steel (Companys oi as1s ot a. cece 2,0 ew ie oa 25 
Carnegie Steel Company, Ohio--Works:.:.25.. . 2 on... cso. 25 
Woungstown sheet.dé Tube Company. .....2.. ike - + vane. 20 
Phillspsesheetics bin Plate Compartty «accuse Gece weir « oo 00 
Caloradop Buel mMron Company ni. ren. a sscae alee ger OO 

Mines: 
CGorsoidatioureodeCompaiivesecem i metas) aac eo 200 
VWicedwardelronu@onpatyienmamew-wer tn ae eect ain oe eee 20 
Watherbeessnerman sc (Company. =o. .5 i. ene Hee cau 120 
Winona Copper Company.. . Pore ee ee ieee Oe) 
Calumet & Hecla Mining oe Ee SN aan are aaa 25 
Delaware, Lackawanna & Western Railroad Company.......60 
Rochestemoc bittsb ure hlCoalce irony. k-we ke sek 0 
United States Coal é& Coke Company... =. we .sit + ten «20 

Pulp and Paper Mills: 
eernbeniy. Clarks Paper Vithl aa ws). es vecikee suede oop i icenece 25 
Sik, [Repais 1 pays (Cion esl ob halk anes tere <o-eetier eae Oe mee OnDecieo ae eek 60 
Wnited = Boxboard «& Paper Company...-.......-9.07m- se 20 

Flour Mulls: 

Northwestern Consolidated Milling Company..............60 
Georse Urban Millie Company :.i.c-.. 5 (foes eee 2B 


Winsibirin@nosb ya COMPANY. nose ec me ek cea wd colt ne tees a eptiaye 60 
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Cement Mills: 
Universal Portland Cement Company, Buffington...........25 
Inland Portland Cement Company jn... se. eee 60 
Sandusky Portland Cement Company............. Spas toa 25 
Freeport Portland Cement Company. ec see 60 
Knickerbocker Portland Cement Company.................60 


NoTATION 
Capacity in farads. 
Capacity in microfarads. 
Skin effect coefficient. 
Diameter of conductor in inches. 
Applied e.m.f. in volts. 
Induced e.m.f. in volts 
Effective applied e.m.f. in kilovolts to neutral. 
Disruptive critical voltage in effective kilovolts to neutral. 
Frequency in cycles per second. 
Natural frequency of transmission in cycles per second. 
Constant. 
= Corona constant. 
Winding factor constant. 
Form factor constant. 
Self-induction in henrys. 
Self-induction in milli-henrys. 
Number of turns. 
Corona loss in kilowatts per mile. 
Dielectric hysteresis loss. 
Natural period in beats per minute. 
Resistance. 
Radius of gyration in feet. 
Radius of conductor in inches. 
Rotor resistance per phase. 
Stator resistance per phase. 
Distance between conductors in inches. he 
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Ratio Short-circuit current 
full-load current 


nH 
I 


Slip. 

Weight of revolving post in pounds. 
Reactance. 

Impedance. 

Density factor. 

Magnetic flux. 

Phase angle. 


The author desires to acknowledge the assistance of Mr. 
E. A. Lof in the preparation of this paper. 
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Discussion ON “ FREQUENCY”? (RUSHMORE), SCHENECTADY, 
N. Y., May 17, 1912. 


Samuel Sheldon: It is to be regretted that the author of 
this paper has seen fit to omit the unit costs which have been 
chosen for the ordinates of his curve-sheets and the unit capac- 
ities used for abscissas. Were these to be introduced, the value 
of the paper to the membership would be much enhanced. 

John J. Frank: The comparative table of frequencies, and 
the table showing frequencies used in some existing systems, 
should command attention. Speaking as a designing engineer 
of transformers, in my opinion the adherence to the latter table 
by operating companies would greatly benefit, not only tke 
manufacturers, but the purchasers and users of transformers 
as well. 

Frequency shows its effect on the design and operation of 
transformers in several ways; the amounts of material, cost, 
heating, losses, exciting current and mechanical forces vary 
with the frequency. 

It has been shown that the loss in silicon steel now generally 
used in transformers is about 2.7 times as great for 60 cycles 
as for 25 cycles at normal densities. It is obvious that a trans- 
former for 60-cycle operation designed at the most efficient. 
density and the corresponding watts loss per pound will not 
operate as a 25-cycle transformer at the same watts per pound, 
as the exciting current resulting from the higher density will 
be prohibitive. With the same flux density and the same turns, 
the cross-section of the core for a 25-cycle design would be 2.4 
times that required for a 60-cycle design, and the relative 
weights of the core somewhat greater. In commercial designs 
no such difference in core materials would be followed, as a 
25-cycle design would operate at a higher density than a 60- 
cycle design, and the ratio of the copper to core loss would be 
greater for the 25-cycle than for the 60-cycle design. 

In commercial designs it is necessary, in order to reduce the 
cost, to have no more material than is required. A small core 
gives large watts per pound with correspondingly high exciting 
current. A large core gives increased material and a more 
expensive design. 

By comparison of the 25-cycle and 60-cycle commercial 
designs we find that the efficiency of the 25-cycle designs is 
about 0.8 to 0.2 of 1 per cent less than the 60-cycle design, 
while the cost is 20 to 50 per cent greater. No absolute com- 
parison can be made between the relative cost and efficiency, 
as small changes in efficiency may in the use of standard parts 
give large differences in cost. Frequency plays an important 
part in the operation of transformers. Operating a 25-cycle 
transformer on a 60-cycle circuit decreases the flux density 

and the core loss. Operating a 60-cycle transformer on a 25- 
~ eycle circuit increases the density and core loss, and in general 


974 FREQUENCY [May 17 


gives a prohibitive exciting current. Frequency enters into the 
mechanical forces to which a transformer may be subjected, as 
the reactance increases with the frequency, and while the 
mechanical force varies directly as the square of the current, a 
25-cycle transformer operating on a 60-cycle circuit would be 
subjected to about 4 the mechanical strains on short-circuit. 
The limit of reactance in a transformer is about 8 per cent at 
60 cycles and somewhat higher at 25 cycles. 

B. G. Lamme: The subject of frequency seems to be a wide 
open one. In the beginning of this paper, attention is called 
to the general use of two standard frequencies. When I first 
started in the electrical business some 23 years ago, we had 
practically one frequency, namely 133 or 125 cycles per second, 
which we called the 16,000 or 15,000 alternation system. In 
those days all frequencies were given in alternations per minute, 
such as 16,000, and usually the frequencies were preferred in 
even thousands. The principal reason for the high frequency of 
that time was on account of the design of transformers, which 
were always of small capacity, for individual house lighting, and 
it was thought that smaller and cheaper house transformers 
could be built at 15,000 to 16,000 alternations than was practic- 
able at lower frequencies. 

About 1890 the question was actively taken up, of bringing 
into use a lower frequency, and a great deal of study was ex- 
pended on the determination of a more suitable frequency. 
One argument in favor of a lower frequency was that it was more © 
suitable for are lighting, while the principal argument brought 
against it was that it was much less suitable for the transformers 
used with the incandescent lighting. In those days the induction 
motor was commercially unknown, and there were no synchron- 
ous converters nor synchronous motors to be considered in 
deciding this problem, and therefore the conditions required in 
are and incandescent lighting had an almost exclusive influence 
in controiling the decision. It was considered that, in making 
such a change, it would be advisable to go to the extreme, that 
is, about half the then-existing frequencies, so that finally it 
was concluded that 8000 to 7500 alternations per minute would 
be as far as it would be practicable to go. A frequency of 7200 
alternations per minute, or our present 60 cycles, was finally 
chosen, because it was the number of alternations which admitted 
of a nice choice of speeds for the generators. For example, 
with four poles, an 1800-revolution machine was obtained; 
six poles, 1200 revolutions; and eight poles, 900 revolutions 
would be obtained. These were all considered fine speeds in 
those days. 

About 1892 the question came up, from time to time, of a 
still lower frequency. The first important case of this, with 
which I am familiar, was in connection with the first large 
Niagara Falls power plant. The Commission which was con- 
sidering this plant was not satisfied with any of the high-fre- 
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quency propositions. Professor Forbes, who was electrical 
engineer of the Commission, was favorable to a very low fre- 
quency, and he proposed 2000 alternations per minute, or 
16% cycles per second. One prominent argument which he 
made was that, with this low frequency, there was a probability 
of the use of commutating type alternating-current motors. 
In considering the use of a very low frequency, the company 
with which I am connected was favorable to 4000 alternations 
per minute, or 33} cycles. About that time we were working 
on our first synchronous converters and we had built one 4-pole 
machine which operated at 1000 rev. per min., thus giving 4000 
alternations, and we thought it was a pretty satisfactory machine, 
and we decided that 4000 alternations was a very suitable 
frequency for synchronous converters. The speed of the proposed 
Niagara machines of 5000 h.p. was to be 250 rev. per min. 
We therefore figured originally on a 16-pole machine giving 
4000 alternations, while Professor Forbes figured on an 8-pole 
machine giving 2000 alternations per minute. Finally, as we 
could not get together on either of these frequencies, we com- 
promised on a 12-pole machine giving 3000 alternations per 
minute, or 25 cycles per second. This was the first large installa- 
tion of this sort, and I believe that this is the real origin of the 
present 25-cycle system. It wasa pretty good compromise, but 
possibly, in some ways, the choice of a little higher frequency 
would have been better, such as 30 cycles instead of 25, in 
view of the fact that 60 cycles has become one of the two accepted 
_ standard frequencies. With 60 and 30 as standards, we would 
then have a 2:1 ratio of our standard frequencies, which would 
have some very considerable advantages, especially in fre- 
quency changing. 

That these two frequencies were not generally accepted as 
standard, is instanced by the fact that we have had in use in 
this country 66,60, 50, 40, 33, 30, and 25 cycles, and quite a num- 
ber of these were brought out after the selection of the 60 and 
25 cycles. 

In Europe, where there had been a still greater variety of 
frequencies, they did not adopt any standard frequencies until 
somewhat later than in this country, and by that time 25 
cycles had made considerable headway, so that they finally 
chose 50 and 25 cycles as their two standards, thus obtaining the 
2:1 ratio. In this point they are somewhat better off than 
we are. 

For a good many years, 25 cycles appeared to have great 
advantages in certain lines of work, such as in the transmission 
of power over long distances, and in conversion from alternating 
to direct current. Where synchronous converters formed a 
considerable proportion of the load, 25-cycle systems were used: 
almost entirely. Therefore, almost all the large railway plants 
adopted 25 cycles. However, where there was but very little 
conversion of alternating to direct current, 60 cycles has been 
most generally adopted. 
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Where 60 cycles was adopted, and any considerable demand 
for direct-current service came up, this frequency proved to be 
at considerable of a disadvantage, from the fact that, in earlier 
times, motor-generators had to be used. In attempting to 
overcome this difficulty, the 60-cycle synchronous converter 
was developed, but for a number of years it was considered to 
be a rather poor machine, and there were, in some cases, good 
reasons for this reputation. The limitations of design in those 
days did not allow what we now consider to be a very good 
machine. For example, in a synchronous converter, the distance 
between any two adjacent neutral points on the commutator. 
multiplied by the alternations per minute, gives the peripheral 
speed of the commutator. In a 60-cycle machine, that is, 7200 
alternations per minute, with 6 in., or 3 ft. (152 mm.), between 
neutral points on the commutator, we would obtain a peripheral 
speed of 3600 ft. (1097 m.) per minute, which in those early 
days was considered excessively high speed. It was therefore 
not considered practicable to make a 60-cycle synchronous 
converter without either using commutator speeds which were 
beyond the then-accepted good practise, or using distances 
between adjacent neutral points which were too small for good 
practise. Assuming we did use as little as 6 in. (152 mm.) between 
adjacent neutral points on the commutator, then we would have 
difficulty in obtaining enough commutator bars for 600 volts. 
With a #-in. (4.8-mm.) thickness of commutator bar, for 
example, only 32 bars could be used between adjacent neutral 
points, which, in general, was considered unduly small for 
600-volt railway service. It is obvious, therefore, that in 
whichever direction we turned, we were up against practical 
limitations in making such machines for relatively high voltages. 
I remember a conversation I had with Dr. Steinmetz about 
14 years ago, in which we talked about 60-cycle synchronous 
converters. I took the stand that 600-volt machines were not 
very promising, as they are limited on account of mechanical 
conditions. He took the stand that 125-volt, 60-cycle machines 
were not very promising on account of certain electrical reasons. 
When we got through, only the 250-volt, 60-cycle synchronous 
converter had any standing. 

As we obtained more experience with 60-cycle syrichronous 
converter constructions, the peripheral speed of the commutator 
was increased, thus obtaining slightly more space between 
neutral points, and we finally managed to get from 36 to 40 bars 
per pole, which was fairly satisfactory, but required about 4500 
ft. (1872 m.) peripheral speed at the commutator. We have 
more recently become bolder and have raised the speed to 5000 
ft. (1524 m.) or thereabout, and have thus been able to get in 
more commutator bars per pole. The construction of such 
machines is permissible, principally on account of improvements 
in mechanical construction. With such improvements the 
60-cycle synchronous converter is taking a new hold, and it is 
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probable that the 60-cycle field will be greatly extended on 
account of the greater perfection of the 60-cycle synchronous 
converter. In fact, 60-cycle synchronous converters are coming 
into quite extensive use in some fairly heavy railway proposi- 
tions at the present time. 

One condition which, in those early days, disturbed us very 
much in connection with 60-cycle synchronous converters, was 
that almost all of the generating plants were operated by recipro- 
cating engines, and in some instances the generating units in 
the power plant would not operate satisfactorily in parallel 
with each other, and yet we were expected to operate synchron- 
ous converters successfully from such plants. Of course we had 
trouble. In those days we did not have the field-pole damper 
developed as it is now, although we had it in a crude form. 
In consequence of the bad generating conditions and the im- 
perfect dampers, or absence of dampers, hunting of synchronous 
converters was not an unusual condition. Nowadays, the con- 
ditions are quite different, for we have many waterwheel and 
steam turbine-driven generating plants, both of which methods 
of drive tend to give relatively good operating conditions. To 
illustrate the difficulties of those earlier times, I will cite one 
instance where we had a 60-cycle converter operating upon a 
system where the generating machines would not operate 
satisfactorily in parallel. The synchronous converter flashed 
badly at times, and apparently without sufficient reason, accord- 
ing to the claims of the operators. We investigated the case 
and found that they operated the converter from either of two 
generating stations, which did not operate in parallel, and occa- 
sionally they would throw the synchronous converter from 
one generating system to the other, regardless of whether or not 
the frequency was exactly the same. Sometimes the machine 
would flash and sometimes it would not, but when it did, they 
complained to us about the deficiency of our synchronous con- 
verter. 

For general purposes, 60 cycles has apparently proved to be 
the more suitable frequency. With this frequency, a less limited 
range of induction motor speeds is obtained than with 25 cycles. 
With the lower frequency, a 2-pole motor would give a syn- 
chronous speed of 1500 revolutions, but 2-pole induction motors, 
as a rule, do not present any particular gain in cost or weight 
over 4-pole machines, and therefore 750 revolutions may be 
considered as high speed for 25 cycles, whereas 1800 revolutions 
can be used about as advantageously with 60 cycles. However, 
when it comes to very low speed work, such as certain kinds of 
mill work, 60 cycles is almost prohibitive. For instance, where 
an induction motor is required to operate at 75 rev. per min., 
60 cycles would require an 80-pole machine, which presents an 
almost impossible problem of design in an induction motor, if 
reasonable performance is to be obtained. However, with 25. 
cycles, such a machine may be entirely feasible. 
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From the preceding considerations, I think it may be safely 
said that the 60-cycle system is taking a new lease of life, and 
that a number of projects which formerly were only adapted for 
25 cycles are now practicable at 60 cycles. 

G. H. Stickney: In connection with the use of lamps on low- 
frequency circuits, much interest has been displayed with 
regard to the critical frequency below which flicker becomes 
evident or objectionable. The question has often been asked— 
“Ts such and such a lamp satisfactory for operation on a 25- 
cycle circuit?” In general practise it has been assumed that 
25 cycles is the minimum frequency acceptable for incandescent 
lamp operation. While this is approximately true, there are 
many factors which enter into the determination of the question 
under different conditions. In the first place, it is not an easy 
matter to define what constitutes an objectionable flicker. For 
the best class of lighting any perceptible flicker is, of course, 
objectionable. In low-intensity lighting on rough work (as in 
railway roundhouses) light having a very considerable flicker 
has been used to some extent without serious complaint. 

Although the eye cannot distinguish a high-frequency flicker 
from steady light, the question has sometimes been raised as to 
whether, even under these circumstances, some eye-strain is not 
induced. As far as I have been able to learn, there is nothing to 
indicate that any such effect results. Even if a slight flicker 
can be observed, there appears to be no evidence of appreciable 
strain where the eyes are not applied constantly on close work. 
I have in mind a city in which the lighting circuit in the residence 
district was changed from 125 to 25 cycles several years ago, 
and apparently most of the consumers are entirely unconscious 
of any lack of steadiness in the light. 

It is rather difficult to eliminate the influence of suggestion 
from the actual physical strain which would occur under a 
flickering light. This is evidenced by a case in which an individual 
used artificial light from a certain circuit daily for a period of 
some months without experiencing any difficulty from the light. 
When, however, his attention was called to the presence of the 
flicker, the light became immediately objectionable, causing 
eye-strain and headaches. 

An important element entering into the perception of flicker 
is that of the intensity of the light: the greater the intensity 
the higher is the critical frequency. This flicker is often observed 
in the light source itself, when it is imperceptible in the illumina- 
tion. In one city where arc lamps were operated just below the 
critical frequency, so that some objection was encountered, it 
was found possible to minimize the flickering effect and over- 
come the objection by introducing large diffusing shades, 
thereby reducing the intrinsic brilliancy. 

Another peculiarity of flicker effect is that the peripheral 
portions of the retina are more sensitive to this effect than the 
central portion. A light operating at about the ‘critical fre- 
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quency may appear steady when the observer looks directly at 
it, but appear to flicker when the gaze is directed at a nearby 
object, so that the lamp is seen, so to speak, out of the corner 
of the eye. Where there are moving objects crossing the line 
of vision, a multiple image effect is obtained even with frequencies 
far above the ordinary critical value, and this is, in some cases, a 
deciding factor in determining whether illumination is or is not 
satisfactory. 

With some types of alternating-current lamps the intensity 
of light falls nearly to zero with the current during each cycle, 
due to the fact that the heat is conducted away rapidly. As 
would be expected, the greater the amplitude of intensity 
variation during the cycle, the higher will be the frequency at 
which the flicker becomes evident. In the incandescent lamp, for 
example, since the filament is enclosed in a vacuum, the heat is 
not rapidly conducted from the filament, so the instantaneous 
variation in intensity is less than in any other form of lamp in 
general use. On the other hand, there is considerable difference 
in this respect between the different sizes and voltages of incan- 
descent lamps. For example, a filament of large diameter, such 
as would be used in an incandescent lamp of high wattage or 
low voltage, would, on account of its heat capacity, be subject 
to a minimum variation in temperature, and therefore in inten- 
sity of light, during a single cycle. It has often been observed 
that such lamps are less subject to flicker than the correspond- 
ing low-wattage or high-voltage lamps. 

In comparing the carbon and tungsten filaments, it should 
be noted that, for a given diameter of filament, the tungsten is 
less subject to flicker than the carbon on account of its positive 
temperature coefficient of resistance. In comparing lamps of 
equal candle power, however, both on account of its higher 
efficiency and the lower resistance of the material, the tungsten 

‘filament is somewhat smaller in diameter than the correspond- 

ing carbon filament and the result is that, at the ordinary 
frequencies, the carbon filament is slightly less susceptible to 
flicker. 

When 25-watt, 110-volt tungsten filament lamps are operated 
on 25 cycles, the flicker of the bare filament is visible. It is, 
therefore, desirable to conceal the filament by means of a 
translucent shade when this lamp is operated on 25 cycles. 

In this discussion the question has been treated purely from 
a practical standpoint.. Laboratory investigations of the 
phenomena of flicker have been made by Dr. H. E. Ives, Dr. 
A. E. Kennelly and others. Report of Dr. Ives’s tests will 
be found in the Transactions of the Illuminating Engineering 
Society for 1909, the paper entitled “ Allowable Amplitudes of 
Frequency and Voltage Fluctuations in Incandescent Lamp 
Work.” Reports of Dr. Kennelly’s work will be found in a 
paper entitled ‘Frequencies of Flicker at which Variations 
in Illumination Vanish ’’ by A. E. Kennelly and 5. E, Whiting, 
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in the Proceedings of the National Electric Light Association 
for 1907, and also a paper entitled “‘ Flicker on Fixed and Rotat- 
ing Targets,’ by Dr. A. E. Kennelly and others, in the Transac- 
tions of the Illuminating Engineering Society, March, 1911. This 
last paper contains references to a number of other papers on 
this subject. 

W. J. Foster: The common use of 25 and 60 cycles in alter- 
nating-current work in this country makes it natural to discuss 
the question as one of comparison between these two periodicities. 
Inasmuch as periodicity of 50 cycles is superior to 60 for general 
use in building generators, I shall proceed to make the com- 
parison between 25 and 50, and later give some points in which 
50 is superior to 60 cycles in design of alternating-current genera- 
tors. 

In general the designer attacks his problem by deciding upon 
diameter at air gap. Several considerations have an influence, 
such as peripheral speed and length along shaft. As a rule, the 
diameter will be approximately the same for 25 and 50 cycles, 
except in generators of both small output and low speed, where 
a smaller diameter will be selected for the lower periodicity. 

Considering the mechanical problems, the higher periodicity 
in definite pole machines is preferable in that the load on rim of 
spider is better distributed and smaller in amount at the points 
of attachment of poles. . 

Considering the electrical features, the higher periodicity is 
better in that less material is required, but not so good in being 
subject to greater eddy current losses. For generators of the 
same characteristics the dimensions at armature face, 7.e., the 
diameter and the length over magnet core along shaft, are the 
same. The slots in armature and the conductors in the slots 
may be made identical in the two periodicities. It is evident 
at once that the quantity of magnetic material in armature 
core for the 50-cycle generator will be only about one-half that 
in the 25-cycle, since the total flux per pole: is just one-half 
and the quality of iron is now so good that the magnetic densities 
are limited by considerations of permeability rather than tem- 
perature. The copper in armature winding will be less for the 
50-cycle because the pole pitch is only one-half, and consequently 
the projecting ends of winding where the coils pass around from 
slot to slot will be much less. The copper in the field winding 
will be less because the heat radiating surface is much greater, 
due to the fact of twice as many poles. 

I have gone carefully into the design of a 5000-kv-a., 80 
per cent power factor, 375 rev. per min. generator at the two 
periodicities—25 and 50. In accordance with what I consider 
the best practise, I have made the magnetic densities, both in the 
teeth and armature core proper and field magnet core, about 
10 per cent higher in the lower periodicity. The result is as 
follows (comparing the 25-cycle with the 50-cycle): 
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Magnetic material 50 per cent greater. 

Copper (armature and field combined) 30 per cent greater. 

Efficiency 0.2 per cent greater. 

\ Established current on short-circuit—the same. 
Instantaneous short-circuit 30 per cent greater. 
‘Temperature rises: 

On armature and field windings—the same. 

On armature core—about 20 per cent less. 

The comparison at higher speeds is more unfavorable to 25 
cycles. In this connection it should be pointed out that 25- 
cycle generators of revolving field definite pole type are im- 
practical above 750 rev. per min., whereas the limitation for 
50 cycles is not reached until 1500 rev. per min. 

In justice to 25 cycles it should be stated that this frequency 
has the advantage in very low speeds and small capacity, 
such as engine-driven generators of 50 to 1000 kw. at speeds of 
300 to 75 rev. per min.—as a rule both in the matter of cost and 
characteristics. 

For generators that are of both high speed and large capacity, 
such as steam turbine-driven generators, there is a most decided 
advantage in the use of 50 cycles, as it permits of a speed of 3000 
rev. per min., whereas the highest possible for 25 cycles is 1500 
revolutions. As to the relative merits of the two frequencies in 
this class of work, practically the same conditions exist in 
the matter of quantity of material as in definite pole generators. 

As to the advantages of 50 cycles over 60 cycles, they are such 
as: greater air gap clearance; greater pole pitch, permitting the 
selection of more slots per phase per pole in many designs; 
somewhat less danger of trouble from eddy currents; a speed of 
3000 revolutions instead of 3600 for the highest speed, which is 
an advantage for most types of steam turbines. 

In conclusion, I venture the statement that if all future work 
were to be restricted to some one periodicity, most experienced 
designers would vote for 50 cycles. ; 

H. R. Summerhayes: The general tendency recently has 
been towards consolidation. Where a number of small plants 
exist, the tendency is to consolidate into a large plant, and 
several villages will make arrangements for a supply from one 
plant. Most of the small lighting plants in this country at the 
present time are operated on 60 cycles. As they are consoli- 
dated, the tendency is naturally to use the same frequency, 
and then, in larger cities, the 60-cycle is used more and more 
and the 25-cycle and lower frequencies are employed chiefly 
in the cases of special applications. A frequency of 25 cycles 
was selected for large systems originally, partly on account of 
the use of synchronous converters and partly on account of. 
the lower capacity of the transmission line, and also because 
the reactance drop was less. It is now considered that a greater 
reactance is an advantage instead of a disadvantage. As the 
systems are consolidated and as the size of the systems increases, 
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we now have systems covering whole States, and the higher re- 
actance at 60 cycles becomes an advantage in limiting the 
current flowing at short-circuits. I believe, therefore, that the 
higher frequency will come more and more into general use, and 
that the lower frequencies will be used for special applications, 
furnished by frequency changers, and the frequency changers 
will also have a use as synchronous condensers for effecting 
good regulation on the system. 

Charles F. Scott: The problem which is so admirably pre- 
sented here of 25 versus 60 cycles is not one to be answered 
by “yes” or “no.” The subject is taken up under eleven 
different heads, and under each one of these either frequency 
may be used. A large number of examples is given. In 
each kind of service both frequencies are used. There seems 
to be almost no field which cannot be occupied by either fre- 
quency, the exceptions being the single-phase railway, in which 
60 cycles is not acceptable, and certain kinds of illumination, 
notably by arc lamps, in which 25 cycles is not acceptable. 
Consequently, the problem is one which must be settled for each 
individual case by taking into consideration the large number 
of elements which are here presented and determining which 
are the predominating and important ones. It is a question 
like the old controversy between direct current and alternating 
current in which we have indulged so largely in the past, and 
which, like it, is answered with two answers, instead of one. 

N. J. Neall: In any criticism of 25 cycles it should not be 
overlooked that this frequency is now being used for com- 
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mercial lighting, and with considerable success. The reason for © 


this lies in the development of special reflectors or shades, such 
for example as that of the holophane type, which have been in- 
strumental in eliminating the objectionable ‘“ flicker ’’? which 
would otherwise occur. 

It is of course true that 25-cycle arcs are decidedly objection- 
able from the illuminating standpoint; but owing to the develop- 
ment of the mercury rectifier, are lighting on 25-cycle systems 
can in this way be satisfactorily handled. 

It is at once apparent that for a large transmission. proposition 

with a very big proportion of power load the adoption of 25 
cycles throughout can be entirely justified. 
_ J. R. Werth: It is interesting to correlate two of the ideas 
just presented by Mr. Lamme and Mr. Summerhayes: namely, 
the presence of high reactance, and, second, the advantageous 
use of synchronous condensers. 

When voltage control by means of the latter is desired, the 
former is of material assistance. An analogy of this action 
can be seen in the case of the railway synchronous converter 
with reactance. We automatically secure flat-compounding 
or over-compounding due to two factors: the amount of re- 


actance in the circuit, and the degree of over-excitation of the 
synchronous machine. 
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These two factors are present when a 60-cycle synchronous 
condenser is operated at the far end of a transmission line (which, 
therefore, contains an appreciable reactance) and when the 
field of the condenser is over-excited and controlled by means 
of an automatic voltage regulator. 

«The point I wish to emphasize is that this voltage control 
may be secured with greater economy on a 60-cycle circuit than 
on a 25-cycle circuit. The synchronous condenser is cheaper, 
due largely to the higher speeds permitted by the higher perio- 
dicity. Also, the higher reactance is inherent, and, therefore, 
an additional external reactance does not have to be installed, 
as has been suggested for use on 25-cycle systems by Professor 
E. J. Berg. . 

E. A. Lof: The reason why no cost figures are given is not 
so much from a commercial standpoint as from the fact that such 
figures would be worthless, as they would only represent the 
average for a number of machines of different speeds, volt- 
ages, etc. The curves are only intended to represent the 
approximate ratio of the average cost of 25-cycle and 60-cycle 
machines. 


A paper presented al the 273d Meeting of the . 
American Institute of Electrical Engineers, 
Schenectady, N. Y., May 17, 1912. 


Copyright 1912. By A.I.E.E. 


OZONE: ITS PROPERTIES AND COMMERCIAL 
PRODUCTION 


BY MILTON W. FRANKLIN 


The importance of ozone as an industrial factor in certain 
lines of engineering is becoming appreciated quite rapidly. The 
relatively large number of patents which are being applied for, the 
increasing number of advertisements which are appearing and the 
character and standing of the electrical manufacturers who have 
entered the field, all point to a realization of Berthelot’s predic- 
tion that ozone was destined to enjoy a great vogue in its appli- 
cation in the arts and sciences. The commercial future of ozone 
may be regarded as assured. The many actual applications 
which have already been made and the numberless fields for its 
logical invasion, together with recent developments of perfected 
ozone generators, all indicate the growing consideration which 
this reagent is gaining for itself. 

Ozone has been known since 1785, when Van Marum noted 
the peculiar smell which resulted whenever a static electrical 
machine was operated, and while its identity was fully established 
by Schoenbein in 1845 and a method for its analytical determina- 
tion was developed by the same investigator, it has not enjoyed 
any extensive application, excepting on an experimental scale, 
until approximately within the last ten years. This delayed 
recognition may be attributed to the lack, at the time, of per- 
fected ozone generating apparatus and to the absence of com- 
mercial electricity. 

The primitive ozone apparatus was designed td produce a 
phenomenon, the discharge of electricity through air, which, 
it had been noticed, was ordinarily accompanied by the pro- 
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It was seen early that the amount of ozone produced in the 
naked arc, either high or low tension, was relatively small as 
compared with that due to the brush or ‘‘silent’’ discharge, and 
the constructional and manipulative difficulties accompanying 
the production of and operation of static condensers are 
probably responsible for the introduction of a solid dielectric 
interpolated between the statically charged plates of the modern 
ozone generator. 

There does not appear to have been any very erudite opinion 
on the modus operandi of ozone generation among the early 
designers, and the prevalence of the type in question, viz., that 
with smooth electrodes and solid dielectrics, seems to be due to 
a desire to produce an electric field of considerable extent, in 
which the discharge should be uniformly distributed. 

It has also been apparent for some time that at certain ele- 
vated intensities the appearance of noxious nitrogen oxides 
became manifest, and the objectionable circumstance was ameli- 
orated by lessening the potential difference and increasing the 
interpolar spacing of the electrodes. 

The scientific design of ozone generators as distinguished from 
the purely empirical method is of very recent inception and 
its beginning, naturally, is somewhat obscure. There have 
appeared creditable machines for the purpose, in advance of 
any theoretical information as to the principal involved. 


PRODUCTION OF OZONE: OZONE GENERATORS 


Ozone may be produced by chemical means, by the electrolysis 
of water and by the action of the electrostatic field on air or on 
oxygen. 

Slow oxidations, as of phosphorus, produce ozone. The 
process is a curious one and has been studied by Schoenbein, 
who noticed that when certain substances are oxidized by air 
a portion of the oxygen combines directly with the substance 
undergoing oxidation, while another portion of the oxygen 
forms ozone. Thus ozone is formed during the oxidation of 
numerous substances. Schoenbein also enunciated the law 
that precisely the same amount of oxygen is converted into ozone 
as combines with the substance oxidized. This law has been 
verified by several other observers for phosphorus, aldehyde, 
triethylphosphine, turpentine, amylene and numerous other 
organic substances, and for sodium sulphite, ammoniacal cuprous 
oxide, etc., in the process of auto-oxidation. 
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About the only practical application, however, of the chemical 
production of ozone, has been by means of fluorin. Moisson has 
obtained fluorin by the electrolysis of anhydrous hydrofluoric 
acid. Fluorin attacks powerfully all organic materials and 
decomposes water, combining with its hydrogen to form hydro- 
fluoric acid, and at low temperatures, the oxygen forms ozone. 
The reaction is as follows: 


3 H,0 + 6 Fl =6HFI + O; 


In the preparation of ozone by the decomposition of water 
by fluorin, the fluorin is introduced in a thin stream into the 
water, which is maintained at a temperature of 0 deg. cent. 

Recent improvements in fluorin generators have made the 
method practicable but it does not compare in economy with the 
electrical methods of ozone production. 

The Electrolytic Production of Ozone. Ozone is formed along 
with the oxygen in water electrolysis. The presence of ozone 
accounts for the low reading for oxygen obtained when the elec- 
trolyte is too strong in sulphuric acid and the current density too 
high. 

The first recorded observation of ozone in water electrolysis 
was by Schoenbein in 1840. More recently ozone has been ob- 
tained by alternating-current electrolysis of acidulated water. 

In some of the electrolytic processes at Niagara Falls the 
presence of ozone has been strongly manifest, though there is no 
recorded mention of its having been used for any industrial 
purpose. 

In the production of ozone by electrolysis, the anode must be 
of some substance not oxidizable, such as platinum, gold, etc., 
and the electrolyte must contain no matter which is capable of 
combining with the ozone. 

In certain special applications, ozone prepared by electrolysis 
seems to be more active and suitable than that prepared by the 
commoner electrical methods, but the reasons are obscure and 
the cases uncertain. The method is not. economical and has 
found no general application, though higher concentrations 
are obtainable than by other ordinary procedures. 

Electrostatic Production of Ozone. The common method of 
ozone production for industrial purposes is by the action of the 
electrostatic field on air or oxygena 

The types of machines that have been devised are almost 
without number, ranging from those utilizing the high-frequency 
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discharges of the Oudin and Tesla resonators to those making 
use of the “‘effluve”’ or the silent discharge of a leaky condenser 
with or without solid dielectrics. The variations and the com- 
binations of the fundamental types are too numerous to mention, 
even, and only a few of the more useful and striking examples 
will be described. 

The ultimate theory of the electrical formation of ozone is 
still somewhat obscure and it may be said that whatever 
definite information there is on the subject is rather of a negative 
than of a positive character: e.g., Warburg and Leithauser have 
shown that the process is not an electrolyticone. The equivalent 
weight of ozone is 24, and, therefore, if the process were an elec- 
trolytic one it would require the electrochemical equivalent, 
96,540 coulombs, for the production of one mole, 24 g., of 
ozone. In actual practise, however, as much as 130 g. per 
kw-hr. has been obtained, which under the conditions of the 
operation corresponds with 240 coulombs only, or the equivalent 
of ozone has been obtained with about 44 coulombs. This 
number is far too different from the electrochemical equivalent 
to be a matter of experimental variation. 

The view is generally held that the process is one of ionization 
andrecombination. There appears a disassociation of the oxygen 
as soon as the action of the electrostatic field becomes sufficiently 
intense to cause ionization by collision, and there result numbers 
of ions from the disassociated molecules. These ions attach 
themselves to the molecules with which they must inevitably 
collide and thus form ozone which, on this view, may be composed 
of aggregates of odd numbers of atoms of the general formula, 
Ove n41)- 

The relation between the quantity of ozone produced and 
the quantity of current has been the subject of considerable 
speculation, but no perfectly satisfactory hypothesis has been 
advanced. Warburg has advanced the theory that the ozone is 
formed by those electrons which have attained a certain critical 
velocity., viz., that at which luminosity appears. 

Ozone is an endothermic compound and, therefore, the 
equilibrium concentration is greatly increased under certain 
circumstances, as for example, the influence of the electrostatic 
field, especially if the temperature is kept low so as to lessen the 
destructive forces as comparefl with the constructive forces. 

The silent discharge or “‘ effluve ” of the French writers, is the 
conduction of electricity through gases at low and moderate 
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pressures. The phenomena vary with the electrical and physical 
dimensions, and with the conditions generally, of the electrical 
and gas pressure. The discharge is quiet and the gas attains 
a dark violet luminosity. If the pressure is comparatively low 
the discharge between a point and a plate will be of this nature, 
but the electrical polarity of the point exerts an influence. The 
discharge between plane parallel or. curved concentric surfaces 
is generally of this character, and when a dielectric is interposed 
between the plates, the formation of sparks is effectually pre- 
vented. © 

The question as to whether or not a dielectric should be used 
has been the cause of considerable experimentation and dis- 
cussion, but the general consensus of opinion at present is that 
the use of the dielectric increases the efficiency of the ozonator. 


FORMS OF OZONATORS 


One of the first ozonators with which experiments 
on anything like a large scale were carried out was 
introduced by Berthelot in 1876. This ozonator, 
Fig. 1, consists essentially of two concentric glass 
tubes A, B, closed at one end and forming between 
them the free annular space C, which is closed at the 
top by welding the two tubes together. Air or 
oxygen is admitted to the annular space by the inlet 
tube, D, and withdrawn at the outlet tube E. The 
inner tube B is filled with dilute sulphuric acid, and 
the outer tube, A, is plunged into a vessel containing 
the same, thus enabling the temperature of the system to be 
controlled. 

The poles are formed by the fluid in the inner tube and that 
surrounding the outer tube. The electrical connections are 
made by means of two platinum wires dipping into the two acids 
respectively and connected to the terminals of the sources of 
current. When the potential difference is sufficiently high 
there is a luminous silent discharge in the gas in the annular 
space between the tubes and there is the formation of ozone. 

The general principles of this ozonator have been retained in 
some of the later commercial types, e.g., the Gerard ozonators. 

The Siemens and Halske ozonators, Fig. 2, consist of a central 
metallic cylinder surrounded by an annular air space in which 
the electrical discharge takes place and through which the gas 
to be ozonized is passed. The otiter boundary of the air space 
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is a cylinder, concentric with the central core and in turn sur- 
rounded by a water jacket which serves to keep the tempera- 
ture within proper limits. The potential is applied between the 
central core and the water surrounding the outer wall of the air 
space, and the latter may be of glass or of metal. In the latter 
case there is supplied a lining of glass which forms the dielectric. 
This type of ozonator ‘has had 
considerable commercial appli- 
cation and is used in the instal- 
lations at Wiesbaden-Padder- 
born, Saint Petersburg, etc. 
The whole ozonator is enclosed 
Fic. 2 in a metallic case which is fur- 
A-—inner electrode, B—outer tube, C— nished with inlet and outlet 
ozone space, D—air inlet, H—air outlet, F 
F—water inlet, C—water outlet, H—water, tubes for the air and the Ozene: 
J—outer casing, K—partition, L—high-ten- The Gerard ozonator has ap- 
tem i, peared in several commercial 
forms which differ from each other in minor constructional details. 
It consists essentially of two concentric glass tubes about one 
meter in length, and the outer tube has a diameter of approxi- 
mately 8 cm. The annular space between the tubes in which 
electrical phenomena take place varies from three to five mm. 
in the various modifications. The electrodes are metallic coat- 
ings affixed to the outer surface 
of the outer tube and to the 
inner surface of the inner tube 
respectively. 

An example of an ozonator 
without dielectrics is that of De 
Frise, Fig. 3. This consists of a 
trough, semicylindrical in cross- 
section and furnished with a 
water jacket for cooling. A glass 
cover closes the trough and from 
this are suspended a number of 
semicircular metallic disks 
which may have smooth or ser- 
rated edges. These disks are arranged in parallel planes and are 
spaced at about onecm. The flat edges are fastened to the glass © 
cover and the curved edges together form a ribbed semicylindrical 
surface, which, when in position, comes to within about five mm. 
of the bottom of the trough, with which it is concentric. The 
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electrical discharge takes place between the edges of these disks 
and the bottom of the trough, and the air to be ozonized is 
drawn through the space which intervenes. 

There have appeared, from time to time, ozonators with 
devices for obviating the necessity for the solid dielectric. 
Otto has designed several in which the electrodes move with 
respect to each other, or in which one moves and the other 
remains stationary. Fig. 4isa diagram of one of these. It con- 
sists of a metallic casing which forms one of the electrodes, 
and a series of metallic disks mounted parallel on a shaft by 
which they are rotated. The disks each have two sectoral 
windows, diametrically opposite each other, cut from them, and 
when assembled, form the other electrode. The disks are 
beveled at the edges, and the windows are staggered with 
respect to the disks which are adjacent. This arrangement 


assures that if a spark forms at any point, it will be drawn out 
and ruptured by the rotation of the disks. 

Ozonators without solid dielectrics and with rotating electrodes 
have as yet enjoyed no very extensive application. The absence 
of the dielectric seems to favor the production of nitrous oxides 
notwithstanding the precautions to the contrary, and the extra 
power required to rotate the electrodes does not seem to be com- 
pensated for by any corresponding gain in another direction. 

Besides the ozonators which have been mentioned there have 
appeared numerous others, as those of Andreoli, Tisley, D’Arson- 
val, Tindal, Otto, Vosmaer, etc., but all of the successful com- 
mercial types have tended to the same general design, namely, 
metallic electrodes with smooth surfaces and interpolated solid 
dielectrics. 

All the ozonators which have been mentioned above are for 
the production of ozone on a large scale and at relatively high 
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concentrations, and are in general intended for the purification 
of drinking water and for analagous industrial applications. 
Latterly, however, the subject of purifying and refreshing the 
air of localities which suffer from overcrowding, inadequate 
ventilation, and the introduction into the air of the noxious 
products of industrial activity, has engaged the attention of 
sanitarians to a considerable extent. From a consideration of 
the theoretical causes of the objectionable character of such air 
and the essential properties of ozone it has become evident to 
many experts that ozone offers a remedy for the conditions, and 
one which possesses many advantages of simplicity, efficiency and 
economy. ‘There has resulted, in consequence, the development 
of numerous ozonators for the specific purpose of treating the air 
of populated spaces. 

The requirements in these small ozonators differ in several 


Fic. 5 
1—glass tube; 2—aluminum cylinders, inner electrode; 3—spacing collars; 4—metal 
coating, outer electrode; 5—direction of air flow; 6—air-gap; 7— enlarged view of 2. 


important particulars from those demanded in the larger ma- 
chines. The instruments are, in general, put into the hands of 
unskilled persons and they must, therefore, be simple, durable, 
self-contained and automatic to the greatest obtainable degree. 
They must be small, fireproof, free from danger and reliable in 
operation, and all of these properties must be possessed in a 
measure far surpassing that required in the larger machines 
intended for operation by skilled electricians. Under no cir- 
cumstances must they produce nitrogen oxides, and this prohibi- 
tion also precludes the employment of means for removing the 
objectionable’ by-products after they may have been formed in 
the machine. 

Most of these desiderata such as safety, durability, simplicity, 
space economy, etc., etc., may be obtained by operating at low 
voltages. To employ low voltages at the frequencies commonly 
met with in commercial installations, and at the same time to 
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obtain the electrostatic field intensities requisite for the pro- 
duction of ozone, the length of the field in a direction normal to 
the electrode surfaces must be shortened. This shortening or- 
dinarily has the disadvantage that it lessens the volume of air 
that may be treated with respect to a given area of electrostatic 
field, and consequently affects adversely the consideration of space 
economy. Fig. 5 shows a method by which the field has been 
shortened to a value limited only by the inability of the glass- 
blower to produce more accurate tubes, without at the same time 
curtailing the ozone production capacity of the ozonator. The 
cut represents one form of unit used in the General Electric 
air ozonators, an assembled machine being shown in Fig. 6. 

Referring to Fig. 5, the potential is applied between the metal- 
lic coating of the glass tube, 1, and 
the metallic inner electrode, 2, 
which is formed of a series of 
cups of a special design. The 
electrostatic field is formed in the 
space, 7, which has a clearance 
of the order of 0:4 mm. so that 
with comparatively low voltages 
the potential gradient may be 
extremely high. The air to be 
ozonized is blown along the axis 
as shown by the arrows, 5, and 
the peculiar vane shape of the 
Poeg SA rsp NaTiNG-CURRENT spokes of the cupped electrodes 

HovusEHoLp OZONATOR. causes a constant intercommunt- 
cation between the new air and 
that which has been ozonized in the ozone spaces. 

Ozone is an allotropic form of oxygen with the formula O;, 
as was established by Schoenbein. The nature of ozone was for 
a long time debated but the researches of Andrews and Tait, 
Marignacand De la Rive, Brodie, Fremy and Becquerel, and par- 
ticularly those of Schoenbein, showed conclusively that when 
oxygen was converted into ozone, the volume was reduced one- 
third, and analysis failed to show the appearance of combinations 
with other elements. Ozone is a faintly bluish gas with a char- 
acteristic smell and it was this circumstance that led to its dis- 
covery. It has never been obtained in the pure state but is 
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- always mixed with oxygen from which it is derived. 


Hautefeuille and Chappuis, on compressing ozone to 125 at- 
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mospheres at the temperature of boiling ethylene (—103 deg.), 
have obtained a dark blue liquid with highly magnetic properties. 
The compressed gas above the liquid was also of the same in- 
tense blue color, and both the compressed gas and the liquid 
were highly explosive. When the pressure is removed and the 
temperature allowed to rise, the liquid soon evaporates. 

Ozone is relatively stable at ordinary temperatures when 
remote from organic or other oxidizable substances, but becomes 
unstable at elevated temperatures and decomposes into ordinary 
oxygen. The decomposition is instantaneous at 260 deg. 

Ozone possesses enormous chemical activity as compared with 
ordinary oxygen, for the reason that it parts with the extra atom 
of oxygen very readily. It is an endothermic compound and the 
endothermic heat has been investigated by numerous chemists, in- 
cluding Berthelot, van der Meulen, Jahn and others. The mean 
value of the endothermic heat as obtained by numerous 
methods is 33.380 calories per gram-molecule. 

Ozone is only slightly soluble in water.’ Recently, E. Maufang 
has investigated the subject and found that the solubility of ozone 
in water is proportional to the temperature and pressure, and 
conditioned by the chemical composition of the water; a concen- 

‘tration of 1.5 to 10 mg. per liter of water may be regarded as | 
the solubility coefficient at ordinary temperatures (2 deg.— 
28 deg.) 

The chemical analysis and the volumetric determination of 
ozone as worked out by Schoenbein in 1845 was the subject of 
some difference of opinion and discussion, but in 1872 Brodie 
verified the results and established the theory. Later, 1901, the 
discussion having again arisen, Ladenburg and Quasig covered the 
same ground with the same result, though they appear to have 
been unacquainted with the work of Brodie. Treadwell and 
Anneler, in 1905, checked all previous results and finally estab- 
lished the correctness of the method of analysis which is now in 
general use. 

The analysis depends on the following reactions: 


x 2 KI +O; +H,0 = 2KOH + 1.4 0; (1) 
an 


2 Na.S.03 + I, + 2 KOH + H.2SO, => NaeS,O, + 2 Nal 
+ K:SO,+2H.O (2) 


which in actual practise reduce to the following volumetric 
equation: 
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1000 ce. a Na2S2.0;3;= = = ss Say gm. Os. (3) 

The commercial value of ozone consists in the fact that it is so 
powerful an oxidizing agent that many of the reactions of oxida- 
tion which take place with ordinary oxygen only on the addition 
of heat, may be effected with ozone without previous heating, 
and ina much shorter time.. 

The many applications of ozone have been adequately treated 
in previous publications* and aside from the purification of air 
and water they are of general interest to the chemist rather than 
to the engineer, and will not be dilated on here. 

The fact that there was transacted about seven million dollars’ 
worth of business in ozone apparatus in Europe last year indi- 
cates the trend of modern thought with respect to ozone. 


*M. W. Franklin in N. Y. Medical Journal, April 8, 1911, ‘‘ Ozone.”’ 
M. O. Troy in General Electric Review, August, 1911, ‘‘ The Action of 
Ozone on Air.” 
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Discussion ON ‘Ozone: Irs PROPERTIES AND COMMERCIAL 
PRropuctTION ” (FRANKLIN), ScHENEcTADY, N. Y., May 
Wee OS e 


C. E. Skinner: From the mass of data already accumulated, 
there can be no doubt whatever as to the efficacy of ozone as 
a means of purifying drinking water. One of the Pittsburgh 
hospitals has an ozone plant installed, and the ozone is used not 
only for the purification of drinking water, but also for the dis- 
infecting of the rooms and wards. Information in regard to this 
plant and from other sources has been such as to lead me to 
question whether there may not be harmful results from the use 
of ozone, as well as beneficial results. Shortly after the plant 
was installed in this ,hospital, one of the physicians experi- 
menting with the ozone received the full strength of the ozone 
from the outlet tube, and was immediately rendered unconscious, 
and I believe there was some difficulty in reviving him, but so 
far as I was able to learn, no permanent injury resulted. 

In another instance I was told that in working with ozone in 
connection with some therapeutic experiments, extreme nausea 
sometimes followed the work when the experimenter had been 
in the room with only a relatively small concentration of ozone 
for some length of time. I would therefore like to ask Dr. 
Franklin whether or not the strongly concentrated ozone, as 
in the first case, or smaller amounts as generated by an ozonator 
in a small room, for example, might not be injurious to persons 
compelled to breathe the air carrying this ozone. 

Matthew O. Troy: As Dr. Franklin has indicated, the pro- 
duction and application of ozone has been developed to a 
high degree in Europe and abroad generally. Looking at the 
commercial aspect, I understand that the sale of ozonizing 
devices in Europe last year amounted to $7,000,000. It is 
not, therefore, a new subject. De la Coux has written a volume 
of 475 pages, covering in great detail the application of ozone 
in therapeutics, and much has been written in the scientific 
journals concerning its application to the industrial arts and 
the sterilization of water and air. 

Ozonation received an impetus in this country a few years 
ago when several companies were organized for promoting the 
application of ozone to the purification of city water supplies. 
These companies failed from one cause or another, but it was 
probably not due to any defects in the general scheme of such 
applications, as the process has been made a commercial and 
practical success in many of the European cities. It is my be- 
lief that some company will again take it up in America and make 
a success of it. 

The production of ozone by electrical means has superseded 
all other processes. It therefore becomes a problem for the 
electrical engineer and it is proper, therefore, that the paper 
which has just been read should have been presented before the 
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American Institute of Electrical Engineers, and I hope we may 
have more papers of an even broader scope presented in the 
near future. 

_What we need in America today is an abstract study by en- 
gineering bodies of the facts pertaining to ozone. It needs to 
be investigated by the electrical, sanitary, and ventilating en- 
gineers, by the medical fraternity in general and, in fact, by all 
of the engineering and scientific bodies which cover any of the 
diversified fields in which ozone finds an application. 

Until recently the sterilization of air by ozone has been given 
little consideration in America, except on the basis of patent 
medicine quackery. There were a few devices on the market, 
poorly designed, not backed up by scientific investigation and 
exploited very much in the same manner as a patent medicine. 
The work was not undertaken in such a way as to gain the sup- 
port of the medical fraternity, nor to promote thorough investiga- 
tion or an accurate compilation of facts. Reputable manufacturers 
in America are now trying to give ozone the status it deserves 
and place it on the high plane it occupies abroad. The appli- 
cations are numerous, but might for convenience be classified 
in four divisions—the sterilization of liquids, purification of 
air, industrial applications and therapeutic applications. The 
electrical fraternity is not interested in therapeutic applications, 
except in producing satisfactory devices for the purpose. Scien- 
tific bodies, however, such as the chemical and electrical organ- 
izations, are particularly interested in the industrial applications. 
This field has been scarcely explored, except by a few isolated 
experiments, made rather at random, which indicate wonderful 
possibilities—for example, the application of ozone in the manu- 
facture of linoleums and oilcloths, in the varnishing processes, 
transportation of fruits, preservation of meats, the aging of 
liquors and wines, the bleaching of fabrics, etc. All of the above 
applications are so rich in possibilities that it is difficult to cover 
them in a paper such as that just presented, or a discussion of 
the paper, but I do wish to appeal to the Institute and other 
scientific bodies to encourage investigation of the subject, and 
the development of devices for producing ozone and their ap- 
plication, so that America may take rank with European and 
other foreign countries. 

I hope at no distant time to be able to look to the literature 
of our own country, and the discussions and activities of our own 
scientific bodies, for information which now has to be sought 
and procured abroad. I am, therefore, glad to have had Dr. 
Franklin’s paper presented to this body on this occasion, which 
is, I believe, the first time the subject has been discussed before 
an electrical engineering organization, and I trust we will have 
more of similar papers in the future. 

J. Lester Woodbridge: Some years ago I had an opportunity 
to inspect an ozonizing plant for the purification of water, which 
was established in Philadelphia. It consisted of a series of tubes 
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each of which contained two strips of metal, provided with ser- 
rated edges, placed opposite to each other, edge to edge, across 
which a brush discharge was maintained by means of a com- 
bination of condensance and inductance arranged to transform 
from constant potential to constant current, no dielectric being 
interposed between the opposite points. A current of air was 
passed through the tubes, and ozonized by the brush discharge, 
and this was used for purifying the water. 

I would ask Dr. Franklin whether that particular type of 
plant has made any further progress, or whether it has been 
entirely abandoned, and why. 

I also learned, although I did not follow the matter up per- 
sonally, that one of the difficulties in purifying water with ozone 
in certain cases was the fact that a large amount of vegetable 
matter in the water would seize the ozone first and use it up, 
before the ozone had an opportunity to destroy the bacteria, 
and I would ask Dr. Franklin if that is not one of the difficulties 
of purifying water in this way, where there is a large amount 
of vegetable organic matter in the water. 

W. L. R. Emmet: I would like to ask Dr. Franklin whether 
there is any good means of knowing how much ozone we are 
getting, and what its quality is, whether it is free from nitrous 
oxide, and whether the ozonation of the air is completed, and 
also that of the water. 

Many people are interested in knowing how water is steril- 
ized by ozone. I do not know myself just how it is applied, but 
I should think it might be hard to get at every particle of water 
with certainty. I tried holding in the draft from the ozonator 
a glass with a little water on the surface of it which contained 
many microscopic organisms, to see whether there was any effect 
on these organisms. I could not see that there was any. They 
all seemed to relish it. I judge from this, that in sterilizing 
water, unless you go at it right, you might miss a few. 

Milton W. Franklin: Referring to Mr. Emmet’s experiment: 
Bacteria are minute unicellular structures, incapable of independ- 
ent locomotion, and the slightest injury to the single cell which 
constitutes them results in death. The organisms which he 
observed were organized animalcule of a relatively high order 
and therefore it would require large amounts of concentrated 
ozone in contact with them for a considerable period to cause 
their destruction. In the commercial purification of water by 
means of ozone the ozonized air and the water are brought intoin- 
timate contact by any of numerous processes whose aim is to divide 
the water finely as well as the air and to bring together, and to 
maintain in contact for a predetermined period, the particles of 
air and of water. 

Referring to Mr. Skinner’s question: Broadly speaking, any- 
thing which may be called a medicinal substance is a poison. It 
is something which, when introduced into the living organism 
produces a physiological effect. If given in moderation, the 
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effect is only beneficial, but if the amounts administered are ex- 
cessive, the effects are those of a poison, in the accepted meaning 
of that term. Ozone may be classed with these substances; in 
moderation its use is to be commended, but in excess it would un- 
doubtedly produce untowardsymptoms. However, it is extremely 
improbable that ozone is liable to be given in overdose, as the 
warnings are so pronounced and so remote from the beginning 
of actual danger that nobody could: persist in exposing himself 
in air that possessed even a small fraction of the amount capable 
of doing harm. In the sterilization of rooms the advantages of 
ozone are that it is nonpoisonous and that it is a gas. In the 
first place the elaborate precautions for sealing the room and for 
guarding against the harm which might be done by escaping 
cyanogen may be ignored, and in the second place the gaseous 
nature of the ozone insures that every crevice and corner in the 
room will be treated. . 

With respect to the presence of vegetable matter in water, 
if the amount is excessive, the removal of the vegetable matter 
by filtering before sterilizing with ozone will be found cheaper 
than removing it by ozone, though the latter may always be 
accomplished. The object of all filtering and purification pro- 
cesses is to produce the result sought cheaply and at the same 
time surely. There certainly can be no objection to the ozone 
process, if it accomplishes these ends, simply because it operates 
in conjunction with another process which alone does not suffice, 
but which, when combined with ozone, cheapens the application 
of the latter. 


A paper presented at the 273d Meeting of the 
American Institute of Electrical Engineers, 
Schenectady, N. Y., May 17, 1912. 
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FREIGHT TRAIN TESTS ON AN ELECTRIC 
INTERURBAN RAILWAY 


BY S. T. DODD 

The following article is a brief discussion of a series of tests 
made upon electric locomotives pulling freight trains on the 
Fort Dodge, Des Moines & Southern Railway, and a tabulation 
of the results of those tests. The object of the tests was to 
obtain records under regular service conditions from which 
values could be calculated for power consumption, train 
resistance, acceleration, and other fundamental data, which 
could be used to check the figures ordinarily assumed in making 
calculations and to show the amount of variation from standard 
figures which could be anticipated in practise. 


TRAFFIC CONDITIONS 


The Fort Dodge, Des Moines & Southern Railway is an inter- 
urban road running from Des Moines to Fort Dodge, Iowa, with 
a branch to Rockwell City. There are in all about 120 miles 
(193 km.) of electrified track, of which a little over one-half is 
operated at 1200 volts. A map of the line is shown in Fig. 1. 
Fig. 2 shows a condensed profile of the section of the road 
from Boone to Fort Dodge, being the section over which the 
test trains were run. Distances given on the profile are in 
miles measured from the southern end of the line at Des Moines. 

Having been built originally on a steam railroad franchise, 
the road is almost entirely on private right-of-way and the 
alignment is remarkably straight for an electric road. The 
greater part of the line is over rolling country with a series of 
short grades and level stretches, the maximum grade reached 
on this section being 1.1 per cent. There are two relatively 
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short sections of the road where greater irregularities are to be 


These are the points where the line crosses the Des 


Moines river, between mileposts 46 and 53 and between mile- 


found. 


At these two points very irregular track 


posts 80 and 83.5. 
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traffic and intersects a number of important trunk lines, including 
the C. R. I. & P. Ry., the C. & N. W. Ry., the I. C. R. R., and 
others with which it interchanges traffic. The regular freight 
train each day goes down the line, stopping at each of these 
interchange points to set out cars and pick up cars for other 
points or for the terminus. Regular freight service consists, 
therefore, of a series of runs 5 to 10 miles in length, with a cer- 
tain amount of switching service at each stop. In addition to 
this regular freight service is a large amount of switching ser- 
vice at the terminals and some extra or through freight. 


ELectric EQuirpMENT AND MotTIvE Power 
The section of the line over which the tests were run is operated 
at 1200 volts direct current (1300 volts at substation), some 
600-volt sections being encountered at Boone, Fort Dodge 
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and Fraser. Power is delivered to the line from substations dis- 
tributed and equipped as follows: 


3 OTIC aceMey eae ROMA ta es LIE Ee 600 volts. 
EWEN) Gants eo. csesechE arcs ehetee ee Oey cae eRe 1200 volts and 600 volts. 
RAC ern een ern oe ae L200 volts, 
East Fort Dodge...............+1200 volts and 600 volts. 


Motive power consists of five 40-ton electric locomotives 
equipped for operation on either 600-volt or 1200-volt lines. 
There are in addition two locomotives which have been rebuilt 
by the railway company, and equipped with similar motor equip- 
ment, and three locomotives suitable for working on 600-volt 
lines only, which are used in the 600-volt yards at the ter- 
minus. 

Testinc Ovutrir 

The set of instruments used for carrying out the series of 

tests were all mounted in a box car and suitably wired up to 
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flexible leads extending from one end of the car and ending in 
terminals by which they could be easily and quickly connected 
in the circuit of the locomotive to which the car was coupled. 
Figs. 3 and 4 show the interior of the test cars and the arrange- 
ment of instruments. 

The set of instruments used consisted of the following: 

One direct-current direct-reading voltmeter reading to 1500 
volts. 

One direct-current direct-reading ammeter reading to 300 
amperes. 

One graphic recording voltmeter and one graphic recording 
ammeter of the same capacities as the direct-reading instruments, 
with time marker clock and auxiliary marker pen indicating 
revolutions of the car wheel. 

One railway type direct-current recording watt-hour meter 
mounted on shock-absorbing base, with a capacity of 1200 volts 
and 600 amperes. 

The wiring was arranged so that the integrating wattmeter 
and the voltmeter were connected in the main trolley circuit of the 
locomotive and read the total voltage and watts delivered at 
the trolley wheel. The ammeters were connected in the circuit 
of one motor only,in order that the current readings might be 
translated directly into terms of tractive effort without reference 
to the controller position. If, on the other hand, the current 
readings had indicated the total current in the locomotive it 
would have been necessary to observe whether the controller was 
on the series or parallel notches and whether the locomotive was 
running on a 600-volt or a 1200-volt section of the line, in order 
to obtain a correct expression for tractive effort. It was assumed 
in all the readings that the current in all motors was the same at 
the same instant. This is true under ordinary conditions, due 
to the balanced combinations obtained by the bridge control. 
An exception will be noted when one pair of wheels slips in 
rounding curves or on slippery bits of track, throwing all the 
load on the other pairs. Some instances of this were noted 
during the tests, but except for such intermittent conditions, 
the assumption that total tractive effort can be read directly 
from current per motor is probably fairly accurate. 

In preparation for a test, the car would be coupled to a train 
just back of the locomotive and the leads connected into the 
appropriate fuse block terminals. ‘To make a complete test and 
obtain satisfactorily all the records, five observers were required, 
whose duties were approximately as follows; 
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One man watched the recording ammeter, and a second the 
recording voltmeter. These observers maintained accurately 
the speed and ‘excitation of the instruments, and made notes 
upon the record sheet which would tie together the various 
sets of observations. 

A third man noted, by means of an auxiliary marker pen, the 
instant of passing given points such as stations, changes in grade, 
or other easily recognized points, and also took readings of the 
integrating wattmeter at points where changes in grade or 
character of traffic made these readings advisable. 

A fourth man kept track of the train weight and his particular 
duty was to keep record at each station of the amount of switch- 
ing and train movement. 

The fifth man kept the log, keeping a continuous record of 
the time of all events, readings, notes, etc., which were reported 
to him by the other observers. 

The test runs made by this testing car and crew were five 
in number. Table I gives in condensed form the logs of these 


‘tests, giving the chief facts as to stations between which runs 


were made and amount of time used for switching or waiting 
for connections. In this table, weights refer to gross tonnage, 
including weight of locomotive and test car. The figures in 
parentheses give the location of the station in miles from Des 
Moines at the southern end of the line. 

Figs. 5, 6, and 7 are samples of the record sheets obtained in 
these tests. The curves on the lower section of each sheet show 
the current per motor and the total voltage. ‘The curves on the 
upper section show the tractive effort of the whole locomotive 
as calculated from the current curves, and the speed in miles 
per hour. . 

Fig. 5 is a record obtained in test run No. 4 with a train of 752 
tons gross weight running steadily over a broken profile. Figs. 
6 and 7 show the same train on an up grade. Comment on these 
curves is hardly necessary as the course of events can be read 
directly from the record. The train is stalled at pole 2167 due 
to the slipping of the drivers. The locomotive takes the forward 
half of the train (373 tons) up the 1.5 per cent grade as far as 
pole 2213, where on a piece of slippery track the drivers begin 
slipping and it is necessary to back down to the starting point. 
At the second attempt the train is pulled through to the summit 
of the grade (pole 2227) although it will be noted the wheels slip 
again at the same piece of slippery track. The locomotive then 
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TABLE I 
CONDENSED LOG OF TESTS 
Test Run No. 1, SEPT. 23, 1911 
| Train 
Time From To wt. Remarks | 
1:7 p.M. | Fraser (51) | Niles (53) 192 | Up 2.44 % grade. | 
| Switching at Niles. 
1:42 Niles (53) ) Boxholm (59) 532 Switching and connec- 
tions. 
2:43:30 | Boxholm (59) Hope (63) §32 Switching. 
3:11 Hope (63) | Crooks (71.5) 313 Connections. 
3:47 Crookes (71.5) | BE. Ft. Dodge (83.5) 313 Switching. 
4:41 E. Ft. Dodge (83.5) | Ft. Dodge (86) 70 ) 
4:50 | Ft. Dodge. | 
Test Run No. 2, SEPT. 23 AND 24, 1911 
Train 
| Time From To wt. Remarks 
| 10:7 p.m. | E. Ft. Dodge (83.5) 730 a 
| unit. 
| 10:21:30 Stopped to cut train! 
| on 1.5 % grade. | 
10:31 407 Start on 1.5% grade | 
| 10:57 420 | Start on 1.5 % grade. 
| 11:16:30 | Summit (80) Roberts (78.5) 730 Drop one loco. | 
| 11:30 Roberts (78.5) Harcourt sw. (68) 689 | Switching. | 
| 12:40 a.m.| Harcourt sw. (68) Harcourt (67) 353 Switching. 
1:14 Harcourt (67) Hope (63) 493 Switching. 
1:56 ’ Hope (63) Boxholm (59) 491 Orders. 
2:18 Boxholm (59) Niles (53) 491 Switching. 
2:52 Niles (51) Boone (43.5) 351 | 
3:50 a Boone shops 
Test Run No. 3, Sept. 30, 1911 
Train 
Time From . To wt. Remarks 
8:55 RragersGbil ip fp ied, chee Wet ha eae ers 600 | Run of 4 miles of 
| which 1 mile is up 
1% grade toward 
| Boone. 
Test Run No. 4, Oct. 2, 1911 
| Train | 
Time From To | wt. Remarks 
1:19 a.m. | Fraser (51) Niles (53) 327 Up 2.44 % grade 
| Switching at Niles. 
2:25 Wiles:\(iG). 2° (el. Yetecsrarpeer css ace oss 752 
3:26 1 PASAY cP ote tile sta iocs whet Harcourt (67) Mie Hot box 35 min. delay. 
4:3 Harcourt 679.05) #0" ad. eee estile he os 752 
PE Vien hai ee eri mc Lundgren (74.5) ate Hot box 17 min. delay. 
4:49 Gundorane(7ac6)" on one chs mie ne aromas | 752 
Ee iets Mee PEP hor OetD Ocho Chae Ft. Dodge Hill (82). Stop to cut train on 
1% grade. 
5:18 Ft. Dodge Hill (82)! E. Ft. Dodge (83.5)| 373 Start on 1% grade. 
5:56 Ft. Dodge Hill (82)| E. Ft. Dodge (83.5)| 435 Start on 1% grade. 
6:4 } E. Ft. Dodge. 
Test Run No. 5, Oct. 3, 1911 
Train 
Time From To wt. Remarks 
6:57 E. Ft. Dodge (83.5) | Summit (80) 420 | Up 1.5% grade. 
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returns for the rear half of the train (435 tons) and pulls it 
through successfully at the first trial. Attention is called to this 
as it illustrates the variations in the hauling capacity of the same 
locomotive as affected by varying track conditions. 


TRAIN FRICTION 


An inspection of the test records shows a continually varying 
tractive effort corresponding to variations of grade, curvature 
and speed. No tests were made with the particular end in view 
of obtaining train friction, but a number of readings have been 
selected from the record in order to obtain a value of train fric- 
tion at points where a fairly constant speed and current show 
that the effect of acceleration is eliminated. This value of train 
friction is not presented with a view of comparing in accuracy 
with the elaborate formulas and curves on freight car resistance _ 
which have been worked out by several steam railroads and 
which take into account the effect of speed, weather, temperature 
and other conditions, but it is presented as representing the 
average conditions during our tests and is to be accepted for 
comparative purposes only. It does, possibly, illustrate the 
variation in train friction and the values which may be expected 
in cars as picked up along interurban lines, and possibly illus- 
trates this better than the more elaborate formulas I have 
referred to. The following table summarizes the results: 


TABLE II 
TRAIN FRICTION 

Test Run: No. Lb. average of five readings. c..6.62 02 J. cn weee dees ares 5.54 Ib.* 

be = INo. 2 4 ee oe adeavoke- sare aiken Be, (ay’ondsshgies Oe Sap egst-3) SO mee 

3 ESE NiG ch ar & three bla ct en RL RA HO cc 9.6 “ 

« “ No. 4 ec “ ten ¢ J P3901 

< “No. 5 LS “ two Sle bae rapes en -ialletevevsl arorsbevandhars ais Wes3 mee 
Siena ge Vs Ols 2 OFFCACINGS 2 An «as cycle) cdehe eis ielarsta esis siete nical vlaifejeis aid» Jere 0:4 Sie 7.0 Ib. 


*1 1b. =0.45 kg. 


CURVE AND GRADE RESISTANCE 


The records were inspected with the hope of ascertaining 
a value of the increased train resistance due to track curvature. 
Unfortunately no uniform results could be obtained. As said 
above, the track is in general straight, with easy curves, and 
the increased train resistance due to a part of the train being 
upon a curve was masked by other variable conditions. On 


' the approaches to the Des Moines river valley, where a com- 


bination of grades and curves was encountered, the tractive 
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effort was so variable that it cannot be expressed by a definite 
formula. The track curves are not compensated and the surging 
of the train set up by track variation and attested by the general 
impression obtained from riding upon and watching the train 
was shown very clearly by the periodic variation or pulsation 
of the tractive effort shown on the record. Table III is a tabula- 
tion of the tractive effort on such portions of the track. It 
gives for a number of points the maximum and minimum values 
of the tractive effort and the amount of the variation expressed 
in percentage, and in the last column gives the variation in 
apparent train resistance, the appropriate amount for the cor- 
responding grade having been deducted. 

I have omitted from this table the results from tests No. 1 
and No. 3. The results of test No. 1 are not as reliable as suc- 
ceeding tests on account of voltage fluctuations during the run 
and also on account of the inexperience of the observers during 
the first test. Test No. 3 was made on the one per cent grade from 
Fraser to Boone where the curves are compensated at a rate of 
0.04 per cent for each degree of curvature. Either for this 
reason or because it was raining heavily during the test, which 
would result in a certain amount of track lubrication, the 
fluctuation of tractive effort which appears in other tests is 
not evident in this one. 

An average of all the results of Table III, giving to each one 
the same weights, shows an average train friction of 13.4 lb. (6.1 
kg.) per ton and a variation of train resistance above and below 
the average value of 15.8 per cent. In other words, it seems to 
be indicated by these tests that in figuring train resistance on 
tracks of this nature where a combination of grades and curves 
is encountered, it is fair to assume that the train resistance is 
doubled and to allow a variation in total train resistance of 
approximately 15 per cent above and below the average cal- 
culated value to compensate for surging set up in the train. 


PowER CONSUMPTION 


As previously remarked, records were taken of the amount of 
movement and weight of train handled in switching service. 

One of the observers was intrusted with the particular duty 
of noting, during switching movements, each movement of the 
train and approximately the tonnage handled, estimating the 
tonnage from the number of cars and their condition as to load, 
and estimating the distance traveled from rail lengths or dis- 
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tances between trolley poles. Table IV gives the details of this 
movement, and the same data are summarized in a slightly 
different manner in Table V. In the latter table the schedule 


speed and the watt-hours per ton-mile in switching and freight 


service have been summarized for all the separate movements of 
Table IV. In obtaining the schedule speeds all time at stations 
in excess of five minutes has been deducted. There were a num- 
ber of instances during the tests where the train was held wait- 
ing for connections or train orders in excess of five minutes, and 
in all such cases time has been noted in a column by itself as 
“Time lost.”” The ‘ Time” noted in the column under 
“Switching ”’ includes the time devoted to drilling cars and 
making up train, while the ‘ Time ” noted in the column under 
“Main Line ”’ includes all station stops not in excess of five 


TABLE V 
ee LOWER CONSUME TION i pee pend 
Main Line Switching 
Total Watt- | Time Watt- 
Test time- | Dist. | Time | Sched.| hr. per | lost |Dist.| Time | Sched. |hr. per 
run min. speed | ton-mi. | min. speed |ton-mi. 
_ No.1 [222.5 (35 152 13.8 26.2 33 |2.23 | 37.5 3.6 77.8, 
No. 2 |343 43.4* | 294 9.0 28.0 15 {1.24 | 34 2.2 85.5 
No. 4 |285 34.9T | 169 11.3 22.3 95 21 
Average 11.4 25.5 2.9 81.6 


* Add 2.9 miles for doubling. 

fAdd3.85 = .* G 
minutes. The ‘‘ Schedule speed ”’ is calculated from the cor- 
responding time and distance. It is to be noted, however, that 
this schedule speed is reduced somewhat on account of time 
and distance lost in breaking trains and doubling on some of 
the heavy grades. This increases the distance actually traveled 
by the locomotive over that which would appear from the profile 
and the through mileage from one end of the run to the other. 
The increase in distance on this account is noted under the 
table. 

Power consumption as discussed in this section includes all 
the power used in the locomotive, including that used for auxilia- 
ries, lights, air-brakes, etc. 


Ratio or REVENUE FREIGHT TO GROSS WEIGHT 


Table VI has been prepared showing for various portions of 
the test runs the total weight of the train and the proportion 
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of this weight that represents car loading or revenue freight. 
In making up train weights only the gross weight of loaded cars 
was recorded, and in obtaining the net weight of freight, the 
weight of empty cars has been estimated in every case at 15 
tons. Some slight error may be introduced by this fact, as the 
average freight car probably weighs a little more than 30,000 Ib. 
(13,607 kg.). On the other hand, the weight of train includes 
the weight of the 15-ton test car, which would not be included 
in ordinary freight service, and this would tend to offset any 
errors caused by assuming too low a weight for empty cars. 
The average results of the table probably indicate very fairly 
what may be considered the proportion of revenue freight in 
mixed service such as was investigated in these tests. The table 
covers runs aggregating 109 miles (175.4 km.) and shows that 
the revenue freight carried in the cars is approximately 50 per 
cent of the train weight. 


TABLE VI 
RATIO OF REVENUE FREIGHT TO TRAIN WEIGHT 
Weight Ton-miles P 
Test Dist. Total | | Ratio 
— Revenue Total | Revenue 
miles | tons? | per cent 
i 
No. 1 22 | 192 80 422 176 42 | 
10.0 | 532 317 5,320 3,170 59.5 
20.3 313 158 6,350 3,210 50.5 
No. 2 5.0 730 | 291 3,650 | 1,450 40 . 
11.4 689 291 7,850 $,320~ | 429.98 
1.0 353 145 353 145 41.2 
3.9 493 145 1,930 | 565 29.4 
10.0 401 7 aide 4,910 1,430 29.2 
9.7 351 148° |) 3,400 |} 1,390 41.0 
| 
No. 3 4.0 660 | 337 2,640 1,350 51.0 
No. 4 2.06 327 184 673 380 56.5 
30.26 752 489 22,800 14,750 65 
No. 5 3.5 420 247 1,470 865 59 
__ Total... oe 109.32 | ‘sare _| 61,768 32,201 52 
ACCELERATION 


In order to obtain an idea of the rate of acceleration acceptable 
in practise an examination was made of the test records covering 
the starting of the train at various stops. Many of these records 
could not be used as the basis of accurate calculation on accoynt 
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of lack of uniform current and other conditions caused by the 
slipping of drivers or other accidental occurrences. Ten of these 
starts have been selected in which the conditions were - fairly 
uniform and the records plotted on a magnified scale. Of these 
Nos. 5, 6, and 7 are reproduced in Fig. 8. It should be noted 
in passing that the three accelerations shown in Fig. 8 correspond 


to the three starts shown in Figs. 6 and 7. The other accelera- 


tion curves have not been reproduced but the results of calcu- 
lation of all of them are included in Table VII. 

The following comments refer to this table: 

Column 5 gives the rate of acceleration during the interval 
which is stated in column 4. 

Column 6 expresses this acceleration in terms of pounds per 
ton. 

Column 7 states the tractive effort for the total train due to 
acceleration alone. 

Column 8 gives the total average tractive effort of the loco- 
motive during the acceleration period, calculated from the 
tractive effort curves of the test record. 

Column 9, under the heading “ Friction, Actual,” is obtained 
by adding the figures in columns 7 and 3 and subtracting their 
sum from the corresponding figures in column 8, and shows the 
tractive effort available for train friction after making due 
allowance for that used for acceleration and grade resistance. 

Column 10 gives the train friction reduced to pounds per ton. 
This train friction during acceleration exhibits wide variations. 
This might be expected from the fact that, being derived from 
the other quantities, all the uncertainties in acceleration, grade 
and current data are finally reflected in the train resistance. In 
addition to this there actually exist wide variations in the train 
conditions at starting, due to variations in the condition of brake 
shoe application, cramping of trucks in track or against side 
bearings and other uncertain conditions which are largely 
eliminated after the train is running. 

Column 11 gives the maximum value or surge of the tractive 
effort observed during the acceleration period. 

Column 12 is derived from columns 8 and 11 and shows the 
ratio between the average tractive effort and the maximum 
surge. This ratio is largely dependent in any particular case 
upon the type of control used and the method of handling the 
controller by the engineer. 

In discussing the results of this table it will be noted that 
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although the results vary between rather large limits, certain 
conclusions may be drawn as to the allowances and the assump- 
tions which may be made in calculating upon acceleration of 
freight trains. 

a. Allowance must be made for an increase in train resistance 
above the normal. Apparently a resistance of 15 lb. (6.8 kg.) 
per ton is fair for such conditions as are represented by the 
tests under discussion. 

b. The allowable rate of acceleration may be as low as +> 
mi. per hr. -per sec. or 10. lb. (4.5 kg.) per ton. This, in com- 
bination with 15 lb. (6.8 kg.) per ton for train resistance, is none 
too low, as the train resistance falls off as soon as the train is 
under motion, giving a fair rate of acceleration over the range 
of the rheostat steps. 

c. The available tractive effort for acceleration is not more 
than 80 per cent of the maximum tractive effort at the slipping 
point of the drivers. This means that if the slipping point is 
assumed at 30 per cent tractive coefficient, not more than 24 
per cent tractive coefficient is available for acceleration. 


CONCLUSION 


In conclusion the writer begs to repeat what was said earlier, 
that the results of this paper are not intended to replace any 
standard formulas on railroad train operation, many of which 
have been carefully worked out and are supported by abundant 
experimental data. The paper is presented to show the results 
of actual tests in actual service and the amount of variation of 
those results from standard or average values. 

The writer also wishes to acknowledge the courtesy of the 
officials of the Fort Dodge, Des Moines & Southern Railway Co., 
for extending their facilities to him, and to express his obliga- 
tion to the students of the senior class in electrical engineering of 
the Iowa State College who assisted in carrying out the tests and 
working up the results embodied in this paper. 


An address delivered at the Annual Meeting of 
the American Institute of Electrical Engi- 
neers, New York, May 21, 1912. 


Copyright, 1912. By A.I.E.E. 


THE DEBT WE OWE TO HENRY AS A SCIENTIST 


BY MICHAEL I. PUPIN 


The name of Joseph Henry is connected with the most brilliant 
epoch in the history of the science of electricity. To appreciate 
it fully, let us briefly describe the state of this science prior to the 
beginning of this glorious epoch—I refer now to the discoveries 
of the eighteenth century. Stephen Gray’s discovery of electrical 
conduction in 1729 was the broadest foundation for subsequent 
work. Franklin’s discoveries and philosophical speculations in 
the realm of electrical phenomena gave a tremendous impulse to 
further research. Galvani’s fortunate discovery of the existence 
of electric force in the contact region of heterogenous bodies 
closes this period. 

Substantial progress was made during the eighteenth century, 
but the progress was, comparatively speaking, slow and labori- 
ous. The intellectual atmosphere of the eighteenth century 
was rather heavy and quiescent, as if foreboding the approach 
of a mighty storm. 

The storm arrived; the intellectual forces which, like a 
mountain torrent, broke loose during the French Revolution, 
and threatened to unhinge every human structure, receded 
rapidly to their natural channels. The torrent seemed to have 
washed away every impediment to rapid intellectual progress, 
and a vigorous advance was started in every direction of human 
thought. The triumphant forward march of the science of 
electricity begins now. Volta (1799) discovers the voltaic cell 
and teaches mankind how to generate electricity in motion. 
Oersted (1819) discovers the magnetic force exerted by electricity 
in motion, and Ampere a year later (1820) formulates the funda- 
mental law connecting this magnetic force with the electrical 

1019 


1020 PUPIN: HENRY AS A SCIENTIST {May 21 


motion producing it. We have here three giants, Volta, Oersted 
and Ampere, accomplishing more in twenty years than had 
been accomplished before in the science of electricity in 2500 
years. This kind of work and accomplishment reminds one of 
the forge of Cyclops as described in Homer’s Odyssey. Every 
stroke shakes the earth to its very foundation. This was, indeed, 
a stupendous advance, yet it was only the ‘beginning of the 
great period of electrical discovery and revelation, the period 
inaugurated by Joseph Henry and Michael Faraday. 

Helmholtz and Thomson pointed out many years ago that 
Oersted’s discovery is much broader than Oersted or even 
Ampere ever suspected, and that it embraces phenomena which 
these men never dreamt of, the phenomena of ‘electromagnetic 
induction; or, to use a more descriptive expression, the phe- 
nomena of electric forces generated by the motion of magnetism. 
But to infer, from the existence of magnetic forces produced by 
moving electricity, the existence of electric forces produced by 
moving magnetism, it is necessary (as Helmholtz and Thomson 
point out), to have a clear vision of the principle of conservation 
of energy. This vision did not appear until nearly thirty years 
after Oersted and Ampere had finished their work in electro- 
magnetism. But even if this great principle had arrived prior 
to the days of Oersted and Ampere, I doubt very much if the 
astuteness of any human brain would have ever gone so far as 
to infer, by pure logic, electromagnetic induction from electro- 
magnetism. A logical deduction of this kind would stand today 
without a parallel in the history of human thought. 

The fact that we can, today, in the light of the principle of 
conservation of energy, see a direct logical connection between 
electromagnetism and electromagnetic induction, is the best 
proof that the discoveries of Henry and Faraday furnish one 
of the most brilliant illustrations of the great power of the prin- 
ciple of conservation of energy. 

But Henry’s experimental work and Faraday’s experimental 
work had to be done, and their great discoveries had to be 
made in the very manner in which they made them, in order 
to reveal before our wondering eyes the beautiful phenomena 
of electromagnetic induction. Nature guards her secrets too 
well to reveal a whole world of most startling phenomena 
to a man who makes no other effort than academic deduction 
by logic and pure reasoning. Our knowledge of physical phe- 
nomena advances by consecutive experimental steps; there 
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was no direct line from Oersted and Ampere to Henry and 
Faraday. We had to wait for Arago, who showed that electricity 
in motion magnetizes a steel needle, and we had to wait for 
Sturgeon, who showed that an electrical current circulating in a 
coil of wire wrapped around a horseshoe-shaped piece of steel 
made amagnet. This was the birth of the electromagnet in 1823. 
Henry was then a youth, 24 years of age, doing tutoring work 
in a private family in Albany, and in his leisure hours studying 
mathematics and reading such works as Lagrange’s classical 
treatise on ‘‘ Analytical Mechanics.’’ He had never had, up 
to this time, an instrument for research in his hands, but in 
less than five years he became the foremost authority, and 
practically the only authority, on electromagnets. At that 
time (this was prior to the discovery of * electromagnetic 
induction) the science and the art of the electromagnet was 
undoubtedly the biggest problem in physics, and the very fact 
that Henry chose this subject for his study proves that he was 
cast for a great physicist. Willard Gibbs, our great mathe- 
matical physicist, said once that the most essential difference 
between a great and a commonplace scientist can be seen in 
the quality of problems which they select. A great physicist 
knows a great physical problem when he sees it. The electro- 
magnet was a great problem, because it led to the discovery of 
electromagnetic induction; this was the key, and the only key, 
which opened the door of the secret chamber within which 
nature guarded the secrets of electromagnetic induction. Henry 
found the key and he opened the door which revealed to our 
wondering eyes the phenomena of electromagnetic induction. 
At about the same time, and using the same key which Henry 
had invented, the electromagnet, Faraday, independently of 
Henry, opened the same door. There can be no doubt as to 
Henry’s claim. Sturgeon said: ‘‘ Henry has been enabled to 
produce a magnetic force which totally eclipses every other 
in the annals of magnetism, and no parallel is to be found 
since the miraculous suspension of the celebrated oriental 
impostor in his iron coffin.” 

Henry worked day and night making electromagnets that 
could lift thousands of pounds, and these magnets are still in 
existence at Princeton and at Yale. If the master-mind which 
constructed these magnets had not discovered electromagnetic 


- induction, and at the very time when the discovery was made, 


it would have been a miracle far more wonderful than the dis- 
covery itself. ° 
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Henry, it is true, never pressed his claim seriously. But he 
never pressed a claim; he never claimed anything; he was as 
modest as an angel and as unselfish as a saint. Besides, electro- 
magnetic induction was so wonderful, destined, as he says, ‘‘ to 
form a new era in the history of electricity and magnetism,” 
that he would not permit himself in so big a thing as that to stand 
as a rival of the great Faraday. 

It is thirty years to a day since I first saw Henry’s discovery. 
I was a student at Columbia at that time, very fond of Greek 
and Latin, in fact so fond of it that I devoted most of my time 
to the study of Greek and Latin and classical literature. At 
the same time I was fond of mathematics and of physics, and of 
chemistry, and there was a doubt in my mind whether, when I 
graduated, I should take up as my life work classical studies or 
physics. One day I saw an experiment in the lecture room 
performed by the late Professor Rood of Columbia. He hada 
coil of wire, the terminals of which were connected to a galvano- 
scope, which was attached to the side of the wall so that the class 
could see the movement of the magnetic needle. The coil was 
in his left hand, and he had a magnet in his right hand. He 
moved the magnet a little bit, and off went the needle to one 
side, and then he moved the coil back, and the needle moved in 
the opposite direction. They say that magnetic needle moved 
because it is acted upon by the passage of electricity through 
the coil. Be that as it may, that needle, I am sure, was never 
as much thrilled as I was thrilled with that experiment, and 
I said ‘‘ Good-bye Latin, good-bye Greek, Iam going to study 
physics.” 

Imagine now how young Henry felt when he saw that magnetic 
needle thrill for the first time in the history of man when he 
moved the magnet in his modest laboratory at the high school 
in Albany. He himself tells what he thought of it, that it was 
destined to form a new era in the history of electricity and 
magnetism. You can see, then, why this man who was as modest 
as an angel and as unselfish as a saint could not thrust himself 
forward to dispute the discovery with a man as great as Faraday 
was at that time. 

The same modesty and the same unselfishness which Henry 
displayed with regard to his claim as independent discoverer 
of electromagnetic induction, we find again in the case of his 
invention of the electromagnetic telegraph. Innumerable 
schemes had been proposed by various men, and at various times, 
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to transmit signals by electricity. Even the electromagnetic 
scheme was originated in many minds and at various dates 
subsequent to Oersted’s discovery, but nobody understood’ the 
problem as well as Henry did, and nobody succeeded in solving 
it until he solved it in 1831. 

Barlow was one of the originators, but the distinguished 
physicist admits his failure when he says, in 1825: ‘(I found 
such a sensible diminution (of the magnetic force) with only 
two hundred feet of wire, as at once to convince me of the 
impracticability of the scheme.” 

Wheatstone, another originator of the electromagnetic tele- 
graph scheme, says this, in 1837: ‘‘ It would not act, and could 
not act as a telegraph, because sufficient attractive power could 
not be imparted to an electromagnet interposed in a long cir- 
euit.”” 

Wheatstone was not aware, in 1837, that Henry had demon- 
strated the practicability of the scheme in 1831, and that he 
wound up the description of his experiments in the Silliman 
Journal, by saying: ‘‘ The fact that the magnetic action of a 
current from a trough is at least not sensibly diminished by 
passing through a long wire, is directly applicable to Mr. Bar- 
low’s project of forming an electromagnetic telegraph.” 

The cause of Henry’s success is due to his complete under- | 
standing of Ohm’s law, discovered in 1827. Barlow did not 
understand it because it did not exist when he made his tele- 
graphic experiments in 1824, and Wheatstone did not under- 
stand it in 1837, because the law was made in Germany, and 
Wheatstone was an Englishman. Henry had no international 
prejudices. Besides, Ohm’s law was not the only thing involved 
in a complete understanding of the electromagnetic telegraph 
problem; the self-inductive reaction of the electromagnet, and 
of the long line, had to be adjusted, and Henry’s rule was, to 
make the resistance of the line and the self-inductive reaction of 
the line small in comparison with the resistance and the self- 
inductive reaction of the electromagnets; in other words, use 
an intensity magnet and an intensity battery when working 
over a long line. 

This is the alpha and the omega of the electromagnetic 
telegraph, and it belongs to Henry and nobody else. 

If the principle is true that that man is the inventor who first 
constructs and describes an invention in such a way that any- 
body skilled in the art can practise it, then surely Henry is the 
real inventor of the electromagnetic telegraph. 
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But Henry with his boundless modesty calls it Mr. Barlow's 
project, and never lays any claim to it. Nay, he even recom- 
mends, in 1856, that an extension of Morse’s patent be granted 
to Morse. Verily, verily, such men as Henry are not made of 
ordinary mortal clay. 

You can understand now the motives which prompted me 
twenty-two years ago to back up witb all my heart and all my 
soul the proposition first advanced by my honored colleague, 
Professor F. B. Crocker of Columbia University, that the unit 
of self-induction be named after Henry. The Congress of 
Chicago adopted this proposition, and it is a significant fact 
that the motion was made by an Englishman, Ayrton, seconded 
by a Frenchman, Mascart, and the presiding officer was a 
German, the great Helmholtz himself. 

I shall now close my remarks by placing before you another 
picture which shows in even stronger light the remarkable 
qualities of this truly great man. In 1842 he described before 
the American Philosophical Society his wonderful discovery of 
electrical oscillations accompanying a Leyden jar discharge. 
He traces magnetic action of these oscillations at a distance of 
thirty feet, transmitted there through walls and floors of a 
house. The detector is a steel needle which is magnetized by 
the transmitted oscillations. In this lecture Henry says: ‘‘ The 
author is disposed to adopt the hypothesis of an electrical plenum, 
and from the foregoing experiments it would appear that the 
transfer of a single spark is sufficient to disturb perceptibly the 
electricity of space throughout at least a cube of 400,000 cubic 
feet of capacity; and when it is considered that the magnetism 
of the needle is the result of the difference of two actions, it may 
be further inferred that the diffusion of motion in this case is 
almost comparable with that of a spark from a flint and steel 
in the case of light.”’ 

Who does not feel in reading these lines that Henry knew in- 
stinctively that hewas facing here a problem containing boundless 
possibilities? I am sure that he saw before him wireless tele- 
graphy and the electromagnetic theory of light. There was no 
topic that he loved to discuss with his friends as much as the 
oscillating discharge of a Leyden jar. I can imagine how a man 
of his years (he was only 43 years of age at that time), and of his 
accomplishments, must have been eager to throw himself 
heart and soul into the study of this great and most fascinating 
problem which he had formulated himself. But, alas, his 
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country calls him to other duties, and he bids good-bye to the 
academic groves of. Princeton where he had spent so many 
happy hours in scientific study, contemplation and discourse 
with nature. He went to Washington to serve his country in 
organizing the Smithsonian Institution, and he knew that this 
meant adieu to Science for many years to come, and a bitter 
fight with crafty lawyers and cunning politicians who were eager 
to get hold of the Smithsonian Foundation, and fight about the 
definition of what Smithson meant when he said its foundation 
was for the purpose of advancing science and diffusing knowledge. 
The lawyers maintained that Smithson meant the building of 
libraries and filling them with law books, and the politicians said 
that Smithson wanted to buy seeds and send them to farmers, 
through the medium of the Representatives, so as to get new 
votes for Congressmen and Senators. 

Now, what Henry did, you can easily guess, and what he 
thought you can easily guess. There was a struggle in which 
Henry engaged with his whole heart and soul for a number of 
years, and he conquered because on the one side there was the 
craftiness of the lawyer and the cunning of the politician, but 
on the other side there was justice and Joseph Henry. The 
Smithsonian Institution was then organized in accordance with 
these ideals, and we have today a splendid research laboratory, 
and we have a splendid museum. From the Smithsonian 
Institution nurtured by Joseph Henry sprang the magnificent 
scientific bureaus in Washington which are doing such splendid 
work. We have the National Academy of Science, and above 
all things we have a scientific spirit in Washington, the back- 
ground of which is the spirit of Joseph Henry. 

Joseph Henry loved his science, he loved his work, he loved 
his fellow man, and above all things he loved his country, and 
the duty he owed his country. 

And now, Mr. Torchio*, the American Institute of Electrical 
Engineers could think of no better symbol to present to your 
Society than the bust of Joseph Henry. The American Institute 
of Electrical Engineers is aware that the Italian nation has 
great men, whom the Italians delight in honoring, and we know 
that in your Hall of Fame there is no man who can occupy a 
place with so much dignity as Joseph Henry. He is one of the 


*Mr. Philip Torchio, special representative of the Associazione Elet- 


trotecnica Italiana. 
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very few men who can stand side by side and share cote a 
ship in your Hall of Fame with men like Galileo, Galvani, Volta 
and your Marconi of the present day, and with the bust of Ez 
Joseph Henry, our Institute extends to your society its warmest 
greetings and its kindest regards. 
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An address delivered at the 29th Annual Convention 
of the American Institute of Electrical Engineers, 
Boston, Mass., June 25, 1912. 


Copyright, 1912. By A.I.E.E. 


THE RELATION OF ELECTRICAL ENGINEERING TO 
OTHER PROFESSIONS 


PRESIDENT’S ADDRESS 


BY GANO DUNN 


On the wall of a great engineering library is the legend 
“ Engineering is the art of organizing and directing men, and of 
controlling the forces and materials of Nature for the benefit of 
the human race.”’ This is broad and all-embracing, but other 
professions will find it hard successfully to quarrel with it. 
While the immediate object of engineering is a material one 
engineers draw from many different channels of human energy, 
such as generalship, commerce, psychology, mechanics, eco- 
nomics, to say nothing of chemistry and physics and many others, 
all under an interpretation, insight and method that are best 
described by the term scientific. 

It may be asked, why could not a similar statement of em- 
brasure or scope apply to medicine, the law, the army and 
other professions? In part it could, but it is to engineering 
that it applies preeminently. The subject matter of the older 
professions, the things about which they busy themselves, 
and the objects they seek to accomplish have changed rela- 
tively little in many centuries. The means have altered 
but the ends persist. They are approximately the same today 
as they have been throughout history and tradition. With 
engineering it is different. There was no such profession 
a hundred and fifty years ago, and if I may a little antici- 
pate my conclusion, there will be no such profession a hundred 
and fifty years hence,in respect to a large part of what we 
now call engineering. 

Such as it is, engineering is embracing an ever-growing 
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horizon, and is including more and more of the activities of civili- 
zation. When I say activities I refer to material ones and not to 
the whole of life itself. ‘The human spirit is the greatest fact in 
the world, and art and literature that interpret it, the acts of our 
daily life and our personal relations that depend upon it, re- 
ligion and the vast body of our social and political experience, 
that go to constitute life, form undoubtedly a mass of activities, 
which are greater, in terms of consciousness, than the material 
activities which engineering can affect. In other words, the 
humanities which have been the same for ages can never be in- 
vaded by anything that merely rearranges our relations to the 
material world. 

In the material world, however, which is at once the workshop 
and the throne, the glory and the limitation of the engineer, 
marvel has followed marvel and shall be followed by more 
marvels, for we are beginning to catch the tools’ true play, 
beginning to see the vision of our dominion over the earth. 
Whether it really is engineering to organize men, to predict 
the psychology of a fare-paying population, to win the endorse- 
ment of a labor union, to treble the yield of a farm by a micro- 
scope, all of which successes are called engineering, depends 
upon the definition that we finally adopt. 

It is startling to study the variety and importance of the posts 
filled by engineers and to note the range of what they do. 
From the Efficiency Engineer presenting surprises in the out- 
put of a factory where the human factor is large, or the Industrial 
Engineer suddenly after thousands of years showing the world 
how to increase greatly the lay of bricks, or the Agricultural 
Engineer working miracles with the soil that for ages farmers 
have struggled with, to the Civil Engineer establishing a kingdom 
and building the Panama Canal, we have instances in which 
the engineer is doing more and more of the world’s work. 

The history of this class of men so rapidly growing in num- 
bers, so rapidly differentiating in function, is almost a romance. 
The Encyclopedia Brittanica names the middle of the eight- 
eenth century—that is, 1750—as the time before which there 
were only Military Engineers—who constructed ‘“ engines ” 
of war—and it adds that at about that time there began to 
arise a new class. Little did this new class realize the army 
it was leading down the industrial paths of time! 

The “new class”? has surpassed all bounds. From in- 
significance a hundred and fifty years ago it has increased 
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almost incredibly in numbers and variety of specialization. 
As a local indication, the Engineering Societies Building in 
New York is the headquarters of fifty thousand engineers. 
As another local indication, the American Institute of Elec- 
trical Engineers has in the last ten years increased six fold 
and now numbers seven thousand five hundred members. 
The growth in the variety of specialization has been almost as 
rapid as the increase in numbers. Where there were only 
Military Engineers and the ‘new class’’ a hundred and fifty 
years ago, there are twenty-seven recognized varieties to-day. 
Without mentioning all, they range from Civil through Mechani- 
cal, Electrical, Mining, Illuminating and Chemical, to Metal- 
lurgical, Refrigerating, Industrial, Agricultural and Aeronautical. 
There is even a magazine with the title ‘‘ Human Engineering.”’ 
A large and increasing part of the capacity of our colleges 
and universities is devoted to the education of engineers. 
Parts of the engineering curricula are borrowed for what used 
to be purely classical courses. The metaphors of the speech 
of the day often have an engineering basis—and we have a 
‘McAndrews’ Hymn.”’ The man in the street knows something 
about spark plugs, and many women understand the general 
principles of the telephone. The social status of the engineer 
has emerged from that of a mechanic to one nearly as high as 
that of the clergyman, the physician or the lawyer. 
Relatively recently there has been going on simultaneously 
with all this, however, hardly noticed, something else—a vast 
increase in so-called engineering work by men who are not 
engineers, and at the same time a large drawing off into execu- 
tive, administrative, industrial, commercial, civic, educational, 
financial and even legal callings, of men of engineering training. 
A history of segregation and disintegration’ seems to have 
begun to accompany a history of integration and building up. 
For one to say to-day that he is an engineer gives very little 
idea of what he actually does. It does not locate him in one of the 
twenty-seven recognized classes. It leaves it possible for the 
hearer to think of him as a “‘ social engineer ”’ or an “‘ efficiency 
engineer’ should he not look like a “civil engineer;” but 
even if he did define himself and say he was an electrical 
engineer, the hearer would still not know whether he represented 
the last word on the loading of telephone circuits or his responsi- 
7 bility was to determine whether the great railroad terminals of 
Chicago should use a third rail or an overhead catenary. It 
he should say ‘(I am a teacher,” “a physician,” “a clergy- 
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man,” “a lawyer,” there would be a much more definite con- 
ception attaching to his answer. There must be, therefore, in 
the title “engineer? something broader, something not in- 
cluded, or included to a lesser degree, in the titles of the other 
professions or occupations. 

A light is shed if we examine the popular definition that 
engineering is ‘educated common sense.’’ Can it be that 
unlike ‘“ physician,” ‘‘lawyer,’’ “‘ teacher,” the term ‘‘ engineer ”’ 
does not describe what a man does, but rather how he does it? 
A method rather than an occupation? It is even so; that is, 
essentially, and with limitations I shall refer to later. 

What then is this ‘‘ method ”’ that has given the engineer his 
ever broadening domain and brought all kinds of men and callings 
to his school? He can tell you at once. Here is where he 
is defined and where his fellows recognize him and each other 
though they come from the ends of the industrial earth as to 
diversity of actual occupation. The method had its birth in 
Greece, though it was stifled almost to death by the tremendous 
philosophic, humanistic and artistic energies of the Hellenes. 
Later it was buried in Europe under the irruption of the bar- 
barians. The names of Thales, dear to our profession, with 
his ‘‘ elektron,”’ and of Aristotle and Archimedes, stand out as 
having done much for it—especially Archimedes—in spite of the 
humanistically polarized intellectual atmosphere in which they 
lived and which they contributed so gloriously to create. 

But the Greeks made only a start. To quote an authority, 
their material thinking was largely based on what has proved to 
be a wrong method of procedure, the introspective and con- 
jectural rather than the inductive and experimental. They in- 
vestigated Nature by studying their own minds, by considering 
the meanings of words, rather than by studying things and 
recording phenomena. But they saw much of the light with all 
this. Though absolutely dead fora thousand years in Europe, 
“the method” was kept alive during the middle ages in 
Arabia, although confused with magic, alchemy and algebra. 
Then came Roger Bacon, Leonardo da Vinci and Copernicus, 
and science as we know it began to take shape. 

Aristotle had sat down in his chamber and he wrote ina book, 
‘““A body twice as heavy as another of course falls twice as fast’. 
Galileo released simultaneously from the top of the Leaning 
Tower a one-pound and a one-hundred-pound shot and they 
reached the earth together, before the eyes of the assembled 
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University of Pisa. But “ the method ” was repugnant to the 
University, and almost to a man they believed their Aristotle, 
sophistically explained away what they saw, and persecuted 
Galileo. Descartes, Newton, Lagrange, Laplace, Francis Bacon 
connote to engineers the transcendent story, unless for electrical 
engineers there should be added Ampere, Faraday, Henry, 
Helmholtz, Kelvin. 

The method of doing things that makes an engineer is, 
therefore, the applying to practical and utilitarian ends the 
principles and reasoning of science. Engineering is not science, 
for in science there is no place for the conception of utility. 
Truth is her sole criterion. In the exalted language of Professor 
Keyser, ‘‘ Not in the ground of need, not in bent and painful toil, 
but in the deep-centered play-instinct of the world Science has 
her origin and root; and her spirit, which is the spirit of genius in 
moments of elevation, is but a sublimated form of play, the aus- 
tere and lofty analogue of the kitten playing with the entangled 
skein or of the eaglet sporting with the mountain winds.” 

Engineering is Science’s handmaid following after her in 
honor and affection, but doing the practical chores of life, con- 
cerned with the useful and the material; with costs and with 
expediency, and concerned with the humanities only in so far as 
they are an incident in some particular scheme of reality, and 
then objectively, if that may be said. Her methods merely apply 
“straight thinking to material problems for useful purposes.” 

Does this constitute a profession? No. . Some day it will 
be the way almost everybody thinks instead of a body of specialists 
and then the difference between a doctor, for instance, and 
an engineer will be only in the things they busy themselves 
about; as is today the only difference between kinds of engineers. 
The center of education has recently been shifting rapidly 
—almost as rapidly as material well-being has been increasing. 
The application of science to living has marked an age as 
distinct as the age of the climax of Art in Greece. The ‘‘ new 
class’’ has been but a pioneer in sowing the seeds of scien- 
tific rationalization in a field the value of which was only 
dreamed of by Archimedes and not actually recognized until, 
as the Encyclopedia tells us, ‘‘ about the middle of the eighteenth 
century,’’ when the “‘ new class ’’ began to arise. And now, as 
to the limits within which Engineering is a method rather than an 
occupation. 

There will always be engineers, for the methods of Science will 
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constantly advance, and there will be needed continually, to 
interpret and transmit them to mankind, and to make the first 
applications of them to useful purposes, a class of men who, by 
instinct and taste, as well as by the possession of what I later 
shall call the dynamic component, find easier than other men— 
and consequently perform better—the kind of scientific thinking, 
observation and action that characterize engineers today. 

What these men will be busy about it is hardly safe to say, 
although it is probable the present great divisions of engineering 
will be more or less preserved. It seems certain that a large 
mass of knowledge that now is called engineering and forms the 
basis of many of the engineering specializations, will become 
general knowledge, and will be absorbed by the community, 
partly as a result of the shifting of the center of education and 
partly through everyday familiarity, and the men possessing this 
knowledge will no longer be called engineers. They will be called 
farmers, let us say, in the case of the “‘ Agricultural Engineer ’’— 
of course, a farmer of a very advanced kind compared to the 
earlier one. 

But the center of education will not always continue to shift. 
It is shifting now only because it has so long been eccentric. 
It would be a calamity for it to shift too far, resulting in a 
world whose sole training was applied science and the utilities. 
Under such a condition, engineering and the utilities them- 
selves would languish instead of flourishing, for there would be 
lacking in engineers the dynamic component. 

Ample knowledge, insight, information does not make an 
engineer. He must first be a man. Engineering is not thought, 
like philosophy; it is thought times action, and only when the 
qualities of action are developed approximately to the same 
extent as the qualities of thought is an engineer at his best. 
Only then is his- area of effect a maximum. The quali- 
ties of action involve tastes and personality, the feelings, the 
will. And it is these that constitute the component or factor 
that makes an engineer’s intellectual or rationalizing equip- 
ment dynamic—that puts it to use. 

It was partly the intense appreciation of the value of the 
dynamic component that led the Greeks and successive centuries 
astray in the direction of their education and contributed to an 
underestimate of the importance of Science and the study of the 


laws of Nature. We must not go to the equally wrong other 
extreme. 
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So far I have said but little of electrical engineering. It must 
be brought in if for no other purpose than to justify our title. 
Although the article on ‘‘Engineering”’ in the Brittanica occupies 
only six inches of one column, it concludes with the following: 
“ The last great new branch is electrical engineering, which touches 
the older branches at so many points that it has been said that 
all engineers must be electricians.” If engineering is a method 
of doing things, and electrical engineering tends to embrace all 


_ other branches, there is an implication that electrical engineering 


is the latest or most highly developed form of the method— 
the method that is the utilitarian application of the principles 
of Science to the material facts. of life. 

Such is unquestionably the case. Born scarcely more than 
twenty-five years ago, the ‘‘ youngest branch,’ Electrical Engi- 
neering had the opportunity of striking its roots into the richest 
of scientific soils, free from prejudices, customs or traditions. It 
had no entangling alliances, no political laws to retard or encum- 
ber it. The field it preempted was the Terra Nova of Engineer- 
ing, the New World of Applied Science. 

Under the influence of those geniuses of Science, Volta, 
Faraday, Ampere, Ohm, Kelvin, Helmholtz, Maxwell, Oersted, 
Henry, Gauss, and with the metricsystem for its cornerstone, there 
developed a comprehensive structure of thought and a related 
scheme of units. The latter are the admiration of the world for 
their simplicity, their convenience, their precision and their 
reproducibility. The scientific method as applying to all 
phenomena acquired its most perfect embodiment in the electric 
system and its relations. 

But there is a philosophic debt that we electrical engi- 
neers owe our units. They school our minds. The ability 
to measure with precision difficult and complicated quanti- 
ties enables clear thinking on them and renders reasoning 


‘ about them possible that otherwise could not be attempted. 


To name a thing is to know it. The wonderful electrical units 
are a fluent language that gives the widest opportunity to 
thought. By their character they educate our faculties of 
definition and of relation. They typify all quantitative think- 
ing, not merely electrical. They are, indeed, the epitome, the 
last word of the great minds of our age, as to what the scientific 
method of thought is. 

Therefore, although the subject matter of electrical engineering 
is covering a wider and wider range—so wide as to be almost incon- 
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gruous, the electrical method of thinking is applicable through- 
out it and it is, in fact, spreading far beyond. As an electrical 
engineer, I even find myself thinking of the crowds passing 
in the streets in terms of amperes and volts, and of the fluc- 
tuations of the stock market in terms of current, inductance, 
capacity, resistance and resonance. 

That which can impose form upon our thought enables us 
successfully to think of any kind of thing. The forms of thought 
established for electrical engineering are at once so compre- 
hensive, so rigid, so rich in detail, and so illuminating that 
engineering does not bound them. They may be called the 
manifestation of Science in civilization, the best represen- 
tation of the scientific method at work for utilitarian ends. 
They prove that the profession of Electrical Engineering not 
only deals with single-phase motors, storage batteries, high- 
tension transmissions, turbo-generators, coronas, carbon trans- 
mitters and commutation, as an occupation, but that it also is a 
way of thinking, and as such is not an occupation, but the latest 
and most highly developed scientific method of solving all kinds 
of practical problems of matter and force, for the benefit of the 
human race. 


A paper presented at the 29th Annual Con- 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 25, 1912. 


Copyright, 1912. By A. I. E. E. 


CORONA LOSSES BETWEEN WIRES AT HIGH 
VOLTAGES 


BY C. FRANCIS HARDING 

Much has been written within the last few years upon the sub- 
ject of atmospheric or so-called “‘ corona’ loss between wires at 
high voltages. Particular interest has been aroused in connection 
with this loss because of the fact that since the advent of the sus- 
pension insulator and the condenser type of transformer bushing 
the loss due to corona has become the limiting factor in the in- 
crease of transmission line voltages. The number of tests which 
have been made to determine the exact value of such loss under 
varying conditions of line construction, weather conditions, etc., 
which have been recognized to be free from a relatively large prob- 
ability of error, has been too small to warrant final conclusions, 
particularly with regard to the accuracy of empirical formulas de- 
rived therefrom. The formulas suggested for the determination 
of corona loss and critical voltage have not been applied to other 
available tests nor a comparative summary made of such tests 
upon a common basis. 

It is the object of this paper, therefore, first to set forth as a 
progress report the results of tests recently performed at Purdue 
University by a method differing in some respects from any 
previously published, and to compare the results obtained by 
various observers upon such a basis as to aid in the early con- 
firmation of formulas which may be generally used in transmis- 
sion line design. 


EXPERIMENTAL TRANSMISSION LINE 
The line upon which the tests were made was constructed 
for the purpose and was about 1380 ft, in length, made up of 
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three spans of approximately equal length. Steel poles with 
18-ft. crossarms supported the line through the agency of five- 
part suspension insulators. The insulators were so mounted 
that the wire spacing could be easily changed. 

An insulator rack, Fig. 1, similar in all respects to the insulators 
upon the line, but containing only a few feet of line wire, was pro- 
vided in order that the losses over the insulators might be sep- 
arately measured and deducted. Jumpers surrounding the 
strain insulators were so designed that the line could be readily 
reached from the ground by means of a pole and connected to 
or disconnected from the insulator rack and feeder so that line 
and rack measurements could be made in rapid succession and 
therefore under the same weather conditions. 


METHOD | 


The method employed was not unlike the one outlined by 
Peek,! although the introduction of some new details has been 
made therein which add many valuable data to the tests and 
possibly permit of greater accuracy in the final results. 

The secondary of a 300,000-volt, 30-kw., 60-cycle transformer, 
previously constructed at the University, was opened at the 
grounded neutral,and a Rowland dynamometer, calibrated as 
an ammeter, and one of the elements of an oscillograph, were 
connected in series therewith. See Fig. 2. As the dynamometer 
had been previously calibrated with a potentiometer and stand- 
ard cell, the effective valu® of the current wave obtained by 
means of the oscillograph was accurately known. An auxiliary 
coil having a diameter equal to that of an average secondary 
coil and so placed as to link the average flux cutting the secondary 
coils was connected in parallel with a voltmeter and a second 
oscillograph element. The middle point of the auxiliary coil 
was grounded. A spark gap was introduced into the second- 
ary circuit, see Fig. 2, to protect against excessive voltage 
in case the latter should be accidentally opened. These ground 
connections together with those upon the magnetic circuit and 
frame of the oscillograph eliminated effects due to static charges 
which might have otherwise affected the calibration or reading 
of the instruments. The ratio of turns on the auxiliary and 
secondary windings was not depended upon to determine the 
secondary voltage, but a calibration curve was plotted between 
auxiliary coil voltage and secondary voltage as determined 


1. See paper by F. W. Peek, Jr., TrANsAcTIONS A.I.E.E., 1911, 
XXX, ITI, page 1889. , 
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by spark gap measurement under all conditions of transformer 
loading and line spacing (see Figs. 3 and 4). The ordinate of 
the oscillograph voltage wave was therefore expressed in terms 
of secondary voltage between wires, while the current and voltage 
readings and waves combined enabled the power factor, power 
and wave distortion to be determined. As a check, readings 
in the primary were also taken. 

The line spacing having been carefully adjusted, the calibra- 
tion of the auxiliary coil voltage in terms of both spark gap 
distance (Fig. 3) and actual kilovolts taken from the A.I.E.E. 


HIGH TENSION LINE 


220 VOLTS 


AUXILIARY 
COIL 


SPARK GAP 


PROTECTIVE 
SPARK GAP 


4 eet OSCILUOGRAPH 
SHORT CIRCUITING 
SWITCHES 


DYNAMOMETER 


standard spark gap curve was determined (Fig. 4), first with 
the line and feeders and secondly with the rack and feeders 
connected to the transformer. The difference between these 
two calibration curves, Fig. 4, due to the greater leakage flux 
in the transformer when furnishing the greater charging current 


‘demanded by the line, is quite marked and may have introduced 


errors in other investigations even when a portion of the second- 
ary winding was used as an auxiliary exploring coil, if the above 
calibration with the secondary line spark gap was neglected. 
With this information at hand eight or nine desirable voltages 
were selected for the test, and after the amplitude of the waves 


1038 HARDING: CORONA LOSSES [June 25 


of voltage and current had been carefully adjusted upon the 
oscillograph screen by varying oscillograph field excitation, sus- 
pension tension and galvanometer circuit resistance in the case 
of the voltage wave, a film was exposed at each voltage to obtain 
a single point on the loss curve. By displacing the zero line 
somewhat the two wave forms at a single voltage with and with- 
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Fic. 3—CALIBRATION CURVE—AUXILIARY CorL AND SPARK GAP. 
No. 4 wire, 6-ft. spacing. 


out the rack could be exposed upon a single film. Such a record 
is illustrated in Fig. 5. At the instant the film was exposed, 
readings of secondary current and auxiliary coil voltage, the 
latter being held constant during the test, were taken, to- 
gether with primary voltage, current and power. To provide 
against a failure in exposure a tracing was also made of the wave 
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forms as they appeared upon the screen, but these tracings were 
used in but two points among all the curves obtained. 

As wave distortion, if present, would require the calculation 
of an equivalent sine wave in order to make this method depend- 
able, a careful study was made of the wave shapes obtained for 
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Fic. 4—CaALIBRATION CURVE—AUXILIARY COIL READING AND 
SECONDARY EFFECTIVE KILOVOLTS. 
No. 4 wire—6 ft. spacing. 


both voltage and current. Only at very low values of line volt- 
age was any effective distortion noticeable and the error thereby 
produced is seen by Fig. 6 to be small and located upon a portion 
of the loss curve where it is of little consequence. No calcula- 
tions were therefore made of the equivalent sine wave except 
to determine Fig, 6. In Fig. 7 will be seen a comparison between 
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a mathematically calculated sine wave and the actual wave ob- 
tained from the line test. 

The zero line produced by the oscillograph was not depended 
upon, but the mean of the maximum deflections of the waves 
was used for drawing an accurate zero line upon the film. This 
line, as well as the displacements of the points of zero voltage 
and current, was very accurately determined by placing the de- 
veloped film over a sheet of section paper with the peaks of the 
waves tangent to a given section line and noting the section 
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Fic. 8—ATMOSPHERIC LOss—1000-FT. LINE. 


No. 4 wire—6-ft. spacing—60 cycles—barometer 29.62 in.—temperature 41 deg. fahr.— 
humidity 63 per cent. 


‘line upon which the waves cut the zero line. The ratio of the 
average wave displacement thus measured to the average length 
of film required for a half cycle represented the ratio of dis- 
placement angle to 180 deg. The cosine of this angle was taken 
as the power factor. 


RESULTS 


Curves showing the relation between corona loss and voltage 
between wires for No. 4 B. & S. solid copper-clad steel wires 
are shown in Figs. 8, 9 and 10, the broken lines indicating test 


. 


> we site Ve W 


1° 


3 
) 
f 
a 
1 
- 
y 
ys 
: 
; 
f 


i 


1912] HARDING: CORONA LOSSES 1041 


results and the full line the actual loss upon the line proper after 
deducting losses on insulator rack and feeders. Fig. 10 also shows 
the increase of power factor with increase of voltage, indicating 
a rather marked change in slope beyond the critical voltage. 
Later tests indicated that the loss over the insulators was neg- 
ligible and that the lower loss curve was made up principally 
of feeder losses. All losses were reduced to a standard length of 
line (two wires in parallel) of 1000 ft. 

In order that a further study of these curves might be made the 
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square roots of their kilowatt values (ordinates) were plotted 
in Fig. 11 against kilovolts as abscissas. It is evident that 
they obey the quadratic law both above and below the visual 
critical voltage, é, although the slope is different above that 
value, as would be expected. It is a significant fact that while 
the points thus plotted from the net loss curves of Figs. 8, 9 
and 10, respectively, fall very accurately upon straight lines, 
none of:the other curves involving more or less than the net 
losses between wires obey such a law. This seems to indicate 
that the method used is an accurate one. 
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The application of the ¥ 4 method to these curves results as 
follows: 


_TABLE I 
| 
Critical Equation of curve 
Spacing disruptive 

voltage Below visual critical voltage Above visual critical voltage 
6 ft. 59.3 kw = 0.00158 (e — 14.9)2 kw = 0.00404 (e — 29.7)2 
Ser4 69.3 kw = 0.00086 (e — 7.5)2 kw = 0.00512 (e — 34.7)? 
1055 Wad kw = 0.00022 (e + 6.45)2 kw = 0.00388 (e — 38.8)? 


The accuracy with which these equations represent the ex- 
perimental curves may be noted in Fig. 12, where the full line 
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Fic. 12—ATMOSPHERIC Loss—1000-FT. LINE. 
No. 4 wire—60 cycles. 


curves are taken from Figs. 8, 9 and 10 and the crosses indicate 
the points calculated by means of the above equations. 
A further check upon the formulas which have been proposed 
to determine corona loss’ will be found below. 
Let e = effective disruptive critical voltage to neutral. 
~ mo = constant depending upon condition of surface 
of wires = 0.93 for solid weathered wires. 


go = disruptive gradient of air = 21.1 kv. per cm. 
effective. 

0 =air density factor. 

y =radius of wire in cm. 

s = distance between wire centers in cm. 


2. Ibid, 
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whence 


a S 
€o = mo g,0 r loge ay 


Applying this formula to the test at the 10-ft. spacing, Fig. 10, 
17.91 X 29.36 


@) OF 459 + 49 = 1.0350 
po SANS erat 
Same OUD meine 


305 


0.259 30.6 ky. 


é> = 0.93 X 21.1 X 1.036 X 0.259 log. 


e’9 (between wires) = 73.2 
e’) (from curve) = 77.5 kv. 


The following table compares the values of effective disruptive 
critical voltage (e9) calculated from the other tests by means of 
the above formula, and the empirical values determined from the 
curves. 


‘TABLE II 
| Wire spacing eg calculated | eo from curve | 
| 6 ft. 68.8 kv. | 59.3 kv. 
| a. 71.2 kv. . 69.3 kv. 
| 10—¢ | 73.2 kv. 77.5 kv. 


Although there is considerable departure from the calculated 
value in the test at six-ft. spacing, the tests at wider spacings 
check remarkably well when it is considered that the tests were 
carried on in an entirely different locality and under con- 
ditions of temperature and pressure different from those upon 
which the formulas were based. | 

But the comparison may be carried still further and the corona 
loss calculated from Peek’s formula. 


Let p = corona loss in kw. 
k = constant = 344 in original formula. 
f = frequency in cycles per second. 


k = 
teres Ven (e—e)? 10-§ kw. per km. per wire 


or p’ = 0.0021 £ " (e— eo)? kw. per 1000 ft. for two wires. 
5 


ee eed) bal 
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Again considering the ten-foot spacing, 


pix 0.0021 x 60 , /o. .259 
1.036 Sea 
= 0.00355 (e—38.8)? 
if the value of (eo) be taken from the test, or 
bp’ = 0.00355 (e—36.6)? 


it the calculated effective disruptive critical voltage be used. 
The curves resulting from the calculations thus outlined may 
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Fic. 13—ArmospHERIC Loss—1000-Fr. LINE. 
6-ft. spacing—No. 4 wire—60 cycles. 
No. 1—Results of test. 
No. 2—Calculated, eo from test. 
No. 3—Calculated, es (Peek’s formula). 


be compared with the experimental values in Figs. 13, 14 and 15, 
where it will be seen that the three curves fall remarkably close 
to one another above the visual critical voltage and especially 
at the 10-foot spacing, indicating that the calculated values are 
sufficiently accurate for any practical transmission line design. 


OTHER TESTS COMPARED 


It is a significant fact that the corona loss curves resulting 
from the tests outlined in this paper obey a quadratic law both 
below and above the visual critical voltage, although the constant 
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is different for the two portions of the curve. Peek’s curve 
below the visual critical voltage was represented by a more com- 
plicated equation than the quadratic. A study of the results 
of other observers indicates that only an occasional curve obeys 
the quadratic law. For instance, but four of the twenty-nine 
curves determined by Mershon* are quadratic and these four, 
Figs. 14 and 15, represent tests upon very large stranded cables 
at comparatively low voltages so that but little of the curve 
above the critical voltage is available. The corona losses upon 
the Shoshone-Denver lines of the Central Colorado Power Com- 


pt) 
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Fic. 14—AtTMospPHERIC Loss. 1000-FT. LINE. 


8-ft. spacing—No. 4 wire—60 cycles. 
No. 1—Results of test. 
No. 2—Calculated, eo from test. 
No. 3—Calculated, eo (Peek’s formula). 


pany were found by Facciolit to obey the quadratic law. The 
three groups of tests reported by Peek, Faccioli and the present 
paper not only offer an interesting comparison between results 
upon actual and experimental transmission lines, but, following as 
they do the quadratic law, the latter seems to have been fully 
established as the correct law of corona, especially as the tests 
mentioned were determined by measurements taken directly 
in the high-tension line under investigation and not in the pri- 
mary circuit. 


3. R. D. Mershon, A. I.E. E. Transactions, 1908, Vol. XXVII, II, 
page 845. 


4, G. Faccioli, A. I. E. E. TRANsactions, 1911, Vol. XXX, I, page 337, 
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In Fig. 16 will be found a comparison of the results of several 
tests upon both operating and experimental transmission lines, 
in which the losses have been reduced to a standard length of 
1000 feet of two-wire line. Curves 1, 2 and 3, having nearly the 
same size of wire and spacing, may be compared with oneanother. 
Such comparison indicates that Mershon’s results are consid- 
erably lower than the others, while those of this paper check 
Peek’s results fairly well, especially at the higher voltages. A 
similar study of curves 4, 5 and 6, which represent very similar 
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Fic. 15—AtTMOSPHERIC Loss—1000-FT. LINE. 


10-ft. spacing—No. 4 wire—60 cycles. 
No. 1—Results of test. 
No. 2—Calculated, eo from test. 
No. 83—Calculated, eo (Peek’s formula). 


line conditions, indicates that Peek’sequation gives too low values 
of loss. This lower loss indicated by the curve resulting from 
Peek’s equation as compared with test results upon operating 
lines seems to confirm the inference which might have been made 
from Figs. 13, 14 and 15, that values calculated from Peek’s 
equation are slightly too low. The number of tests available 
does not justify a change in the equation, however. 

The use of copper-clad steel wire in these tests has already 
been mentioned. It may be of interest to note that the con- 
ductivity of this line was 43 per cent of that of a copper line of 
the same gage and that the impedance with the eight-ft. spacing 
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was found to be 1.75 ohms, or 0.634 ohms per 1000 ft. of wire. 
The impedance of a No. 4 B. & S. copper line with the same 
spacing is found to be 0.82 ohms, or 46.9 per cent of the copper- 
clad line. With the higher voltages, longer spans and corona 
loss limitations, however, the increase in impedance may prove 
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Fic. 16—AtTMosPpHERIC Loss—1000-Fr. LINE. 


Curve Authority Size wire Spacing 
1 Peek (test) No. 8 6 ft. 
2 Harding No. 4 6 ft. 
3 Mershon No. 4 str. 7 ft. 
4 : West 1/0 and 1 10 ft. 4% in, 
5 Faccioli 1/0 10 ft. 44 in. 
6 Peek (calc.) 1/0 10 ft. 


to be a negligible factor and the increased tensile strength found 
to be available for high-tension line construction. 


CONCLUSIONS 


1. Corona loss may be readily and accurately determined 
with instruments connected directly into the high-tension cir- 
cuit. 


a SUre 
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2. The use of the oscillograph for this purpose is entirely 
satisfactory and furnishes many valuable data in regard to 
wave distortion and phase displacement not available by other 
methods. 

3. The oscillograph may be accurately calibrated and films 
measured with sufficient closeness to guarantee dependable results. 

4. When an auxiliary coil upon the step-up transformer is 
used, and probably in the case of the use of a section of the 
secondary winding to determine secondary voltage, it is necessary 
to calibrate such a coil with the secondary voltage for the various 
possible conditions of load and power factor. 

5. Corona loss curves are parabolas, the constants of the 
equations being different above and below the visual critical 
voltage. 

6. The equations of corona loss curves may be very closely 
approximated by means of the 2 4 method. 

7. Test values checked results calculated from Peek’s formula 
for points above the visual critical voltage with a fair degree of 
accuracy, especially at the wider spacings between wires. 

8. Variations from Peek’s formula were in the direction of 
greater losses for a given voltage than those given by the formula. 
This was also found to be true of the tests which have been made 
upon operating lines, when the latter were reduced to a common 
standard for comparison. 

The writer wishes to express his appreciation of the assistance 
rendered by Messrs. Phelps and Curtner, graduate students 
at the University, and to Messrs. Cox and Burke, who aided in 
the design and construction of the line and in taking readings. 
Recognition is also hereby expressed for the cooperation of the 
Locke Insulator Company, the Franklin Steel Company and 
the Duplex Metals Company, which enabled these tests to be 
successfully carried out. 
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vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 25, 1912. 


Copyright, 1912. By A. I. E. E. 


THE LAW OF CORONA AND THE DIELECTRIC 
STRENGTH OF AIR—II 


BY F. W. PEEK, JR. 


I. INTRODUCTION AND Discussion OF PArT I* 


Part I of this paper,* presented at the A. I. E. E. Annual 
Convention in Chicago, gave the results and discussion of exten- 
Sive investigations of corona formation and loss. These investi- 
gations consisted of power measurements on a short transmission 
line under all of the variable conditions of spacing, size of con- 
ductor storms, etc., met with in practise, supplemented with 
extensive laboratory investigations. 

While the formulas givenin Part I made it possible to predeter- 
mine accurately the corona characteristics of practical transmis- 
sion lines over natural temperature and barometric pressure range 
and commercial frequency range, investigations were continued, 
and are still being continued, with a view of rationalizing the form- 
ulas, and getting at the fundamentals and fundamental mechanism 
of corona loss. The work of reduction of data obtained to date 
fs still incomplete, and also it is not possible at the present 
time to include all that has been accomplished. 

A considerable mass of new material, however, is given here. 

All of this work has been made possible by engineering and test 
facilities afforded by the Consulting Engineering Department 
of the General Electric Co. under the general supervision of Dr. 
C. P. Steinmetz. Thanks are due to Messrs. C. M. Davis, J.L.R. 
Hayden, C. E. Magnusson, Don F. Smith and C. W. Stone for 
‘their active and valuable assistance. 

For description of the apparatus and general method of test, 


* The Law of Corona and the Dielectric Strength of Air, TRANSACTIONS 
A. I. E. E., 1911; XXX, III, page 1889. Hereafter referred to as Part I. 
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see Part I. For convenience of reference the following short 
summary of equations, etc., is given from Part I. 
The disruptive critical voltage is 


€o0 = Mo £o r log. - kv. to neutral, (3) 


where go is the disruptive gradient of air in kilovolts per cm. at 
25 deg. cent. and 76 cm. barometer, and is constant for all sizes 
of wires, frequencies, etc. Ifthe effective value of go is taken, éo 
is given in effective kilovolts, 


where 

radius of conductor in cm. 

s = distance between conductor centers in cm. 

go = 29.8 kv. per cm. (maximum). 

go = 21.1 kv. per cm. (effective). 

my= aconstant depending upon the condition of the conductor 
surface. 

mo= 1 for polished conductors. 

my= 0.98 to 0.93 for roughened or weathered wires. 

my= 0.87 to 0.83 for cables. 


Luminosity of the air surrounding the line conductors does 
not begin at the disruptive critical voltage eo, but at a higher 
voltage é, the visual critical voltage. 

The visual critical voltage e, is much higher for small wires 
than the disruptive critical voltage, eo; it is also higher for large 
wires, but to a lesser extent. 

While theoretically no loss of power should occur below the 
visual voltage, e,, some loss does occur, due to irregularities of 
the conductor surface, and seems to follow the probability law: 


I 


Pr = qd e-h (eu ¢)? (4) 


where q is a coefficient depending on the number of spots, and 
his a coefficient depending on the size of spots. 

Snow, sleet and rain losses seem to be of the same nature but 
frequently of far greater magnitude. 


The visual critical voltage, e,, is derived from the disruptive . 


gradient go by the equation 


ere fae ¥) 
ey = My Bo Or (1 “| VF ) log. ; kv. to neutral (5)* 
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mM, = mo = | to 0.93 for wires. 


§ 0.72 local corona all along conductor; ) For seven- 
(0.82 decided corona all along conductor { strand cables 


If go (maximum) is used, e, is obtained in maximum kilovolts. 


0.301 
b n/t s\? 
p= 7 pvt (c — go mor O log, S ) 10-* kw. per km. of (6) 
; single conductor. 
e = effective kilovolts to neutral. 
k = 344, 
go = 21.1 kv. per cm. (effective). 
6 = air density factor = we 
6 = 1 at 25 deg. cent. and 76 cm. barometric pressure. 
b = barometric pressure, cm. 
# = temperature, deg. cent. 
ry = radius of conductor, cm. 
s = distance between centers of conductors, cm. 
f = frequency, cycles per second. 


The corona loss is 

a. Proportional to the frequency f (over commercial range). 

b. Proportional to the square of the excess voltage above the 
disruptive critical voltage, é. 

c. Proportional to the square root of the conductor radius r, 
and inversely proportional to the square root of the conductor 
spacing. 

The disruptive critical voltage, eo, is that voltage.at which the 
disruptive voltage gradient of the air is reached at the conductor 
surface. Hence, it is 

a. Proportional to the conductor radius, 7, and the log. s/r. 

b. Proportional to the air density. 

c. Depending somewhat on the conditions of the conductor 
surface as represented by m. 


* Proportional to d with fait approximation over natural range of 
batotetfic pressure afid temperature. 0 enters also as a function in 
enetgy distatice. See Section I1I of this paper: 
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The effects of various atmospheric conditions and storms on 
the critical voltage and loss will now be considered. Humidity 
or “ vapor products’ have no appreciable effect on either the 
critical voltage or the loss. 

Smoke lowers the critical voltage and increases the loss. 

Heavy wind has no effect on the loss or critical voltage at 
ordinary commercial frequencies. 

The weather conditions that really count practically and which 
must be seriously considered in the design of transmission lines 
are as follows: 

Fog lowers the critical voltage and increases the loss. 

Sleet on the wires, or falling sleet, lowers the critical voltage 
and increases the loss. High voltages do not entirely eliminate 
sleet formation. 

Rain storms lower the critical voltage and increase the loss. 
Snow storms lower the critical voltage and increase the loss. 
The effect of snow is greater than that of any other weather 
condition. 

II. SuMMARY oF Part II. 


1. Influence of Temperature and Barometric Pressure on gy 
and go over a Wide Range. 

a. Visual corona starts at a lower voltage if the temperature is 
increased. Visual corona starts at a lower voltage if the baro- 
metric pressure is decreased. That is, 


ey = o (0) 


where 6 is the air density factor. Ife,’ is the visual critical volt- 
age at 6 = 1, over a short range of 6 a fair approximation is: 
Cg.= 0 6x. io 

b. Over a considerable range of air density our experiments 
show 


ey = My £0 rn) ‘id (1 + ot) log. ; c (5’) 
: ot) 
Lo = My Zo O(1 eae 
= ( - Vor (6a’) 


c. This means that the disruptive gradient varies directly with 
the air density factor 6, as would be expected, and as already 
shown in Part I, 

So = 6 go’ 
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It also means that the energy storage zone to cattse rupture 


extends 
We ee 


Vr 
0.301 —-~— Cm. 
Vo 


from the conductor surface, and, therefore, g, does not vary 
directly with the air density. This is in accordance with the 
theory of Part I that energy is necessary to cause rupture. 

d. The influence of variation of air density is the same over 
a very wide range whether the variation of air density is caused 
by change of barometric pressure or temperature. 

2. Influence of Frequency on g, and go. Between 40 and 100 
cycles the influence of frequency on g, and go, if any, is small, and 
less than the slight changes in wave shape in the testing trans- 
former at different frequencies and which cannot be detected by 
the oscillograph. 

3. Spark-over and Corona on Polished Parallel Wires or Cylin- 
ders. 

a. Where s/r is less than 30 spark-over occurs before corona 
appears. 

b. Where s/r is 30, either spark or corona may occur. This 
point is very unstable. If corona appears first the spark-over 
voltage e, is slightly increased. 

c. Where s/r is greater than 30 corona appears at e,, then 
spark-over occurs at higher voltage e,. 

d. Above the point of intersection of the e, and e, curves 
plotted witb spacing s, e, follows approximately a straight line 
through the test range. The g, curve is a straight line parallel to 
the s axis. The g, curve is also very nearly a straight line which 
intersects the g, curve at s/r = 30, and extended cuts the g 
axis at gy = 30 kv. percm. This seems to be a further check on 
30 as the disruptive gradient for air. 

e. é,is less definite than e, and is greatly influenced by irregu- 
larities, somewhat by humidity, dirt, etc. For polished wires and 
constant spacing, e, increases with decreasing diameter of the wire. 
When the conductor surfaces are coated with water, at a given 
spacing e, is almost independent of the radius of the wire and ap- 
proximately follows the needle gap curve. Oil on the conductor 
surface has a somewhat similar effect. Water on the conductor 
surface always very greatly reduces gy. Oil on the conductor sur- 
face reduces g, to some extent on large conductors, and by in creas- 
ing the radius an appreciable percent raises g,on small conductors. 
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f. For the test range it is difficult to determine whether the 
€; or gs curve with s more nearly follows a straight line. 
(1.) On the assumption that g, is in straight line—and this 
seems the most reasonable assumption—we may write: 
0.01 s : 
= 30 (1 + ‘) kv. perem. maximum — - 
Vr t : 
‘This holds above the triangular point where s/ris greater than 
30. When s/r = 30 it reduces to the visual corona formula 


= 30 (1, “t. 0-3) = g kv. per cm. maximum 
r 


Experimental points follow this curve well. 
(2.) On the assumption that e, is a straight line the expression 
takes the form 


s+5 ; 
és=3.4s+ 2 5 Pay 
This curve is based upon the assumption that for a given 
spacing all sizes of wires would spark-over at the same voltage 
and when s/r = 30 and go = 30, if there were no “ corona resist- 
ance.”’ When 7; is the total radius of wire and corona, and go 
= gradient at edge of corona, this voltage would be, at no 
‘“corona resistance ”’, 


3.4 5 


However, our experiments show that the spark-over varies with 
size of conductor and the difference is something similar to a 
‘corona drop ’’ expressed by 


iit 2° 
2.5VS7 


or the total spark-over voltage is 


Sk ab 
2.5 Vr 


————_— ky, maximum 


Assumption (1) is a closer approximation to experimental 
values. 
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The visual corona gradient for a conductor coated with a film 
of oil is 


‘2 = 19 (1 = 28) maximum kv. per cm. 


_ The visual corona gradient for a conductor coated with moisture, 
as by rain or fog, is 


0.815 
2=9 ( ) maximum ky. per cm. 

h. In concentric cylinders designed for maximum dielectric 
strength the ratio is not R/r = €, but is modified because g, is a 
function of r. 

i. Where corona forms before spark in concentric cylinders, 
as when ris very small compared with R, corona does not ex- 
tend out to radius x when R/x = critical ratio for metallic 
cylinders and spark-over, but greatly increases the spark-over 
point, indicating grading or ‘‘ corona resistance. ”’ 

4. Disruptive Gradient x». 

That go is constant and is 30 kv. per cm. is indicated by three 
entirely different methods. 

1. By visual corona. 
2. By spark-over. 
3. By power measurements. 

5. Stroboscopic Study of Corona. By the use of a stroboscope, 
a-c.corona discharge was observed on wires and needle points 
on the negative and positive parts of the wave. 

a. To the unaided eye corona discharge often appears to extend 
completely across between points without arc-over. Examina- 
tion through a stroboscope shows that the corona extends way 
out from the positive needle as a bluish white spray. The nega- 
tive needle appears as a red point. 

b. To the unaided eye corona on parallel wires appears as 
reddish beads more or less evenly spaced, with a bluish white 
needle-like fringe in between. If the wires are smooth the stro- 
boscope shows the red beads on the negative, and a smooth bluish 
white glow on the positive. At abrasions or points the positive 
corona extends way out as very fine bluish needles. Without 
the stroboscope the eye sees the combination of the positive 
and negative. 

c. In general, the positive ee appears as fine bluish- 
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white spray or needles, while the negative discharge appears as 
reddish tufts. The discharge from points always gives the same 
impression as a stream of water being forced out under pressure 
from the positive, and gathering in at the negative. 

6. Remarks. Many interesting points are observed and further 
discussed which cannot be taken up in this summary. 

PRAcTICAL CORONA FoRMULAS 
(Revised and collected for reference.) 


Disruptive critical volts (parallel wires) 
€o9 = 21.1 m0 r log. 5 effective kv. to neutral (3) 


Visual critical volts and gradient (parallel wires). 


Cpitsc2 lol wry der (1 + oe) log. ~ effective kv. to neutral (5’) 
Vor r 
0.301 : 
g, = 21.10 (1 + a) effective kv. per cm. (Ba’) 


Power loss (fair weather). 
P= a VE (ee)? 10-5 


344 r 2 
P == pvt (c ~ 21.1 mo d rlog, =) 10-5 
kw. per km. single conductor. (6) 


Power ioss (storm). 

Power loss (storm) is higher and can generally be found with 
fair approximation by assuming e) = 0.80 of fair weather €o in 
(6). 

Visual corona gradient—wires thoroughly wet (with fair ap- 
proximation) 


0.81 
2 = 6.4 (1 + “e) effective kv. per cm. 
r 


Other Formulas. For spark-over formulas, corona in concen- 
tric cylinders, etc., see text. 


— i.e 


per cm. 
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Notation 
Se 3.925 
273 + ¢ 
b = barometric pressure in cm. 
t = temperature in degrees cent. 
f = frequency in cycles per second. 


my = irregularity factor. 
= | for polished wires. 
= 0.98 to 0.93 for roughened or weathered wires. 
= 0.87 to 0.83 for cables. 
0.72 for local corona all along conductor ) Forseven- 
0.82 for decided corona all along conductor ' strand 


Ne = 
J cables 
= 1 to 0:93 for wires. 
y -= radius .of witetifi cir 
s = distance between conductor centers in cm. 


Ill. INFLUENCE OF TEMPERATURE AND BAROMETRIC 
PRESSURE ON VISUAL GRADIENT AND DISRUPTIVE 
GRADIENT 
In the former paper* it was shown that the visual critical 
gradient for parallel wires may be expressed in maximum ky. 


Bs) ( 0.301). 
Fe eee ele ons (1 
4 «(1 Vee z) 


at the standard temperature of 25 deg. cent. and barometric 
pressure of 76 cm. Also, for changes in temperature and baro- 
metiic pressure over the natural range, a fair approximation is 


fy = 29.8°9 (1 rr 0) 


Where 6 is the air density correction factor and is unity at the 
standard temperature and pressure. 


3.92 b 

273 + 
barometric pressure. 
= temperature. 


0) 
b 
t 


* Law of Corona and Dielectric Strength of Air—I. 
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On the theory that definite energy is necessary to start dis-' 


ruption or glow,* go should vary directly with the air density 
factor 6. g», however, should not vary directly with 6, as the 
thickness of the energy storage film should also be a function of 
5. Thus, we would suspect that the equation for g» should be 
written 


ew a(l+ sav) 


Whether 6 is varied by change of temperature or air pressure, 
the effect should be the same as long as the temperature is not so 
high that the air is changed chemically. This will be discussed 
more fully, later, under the head of “ Rupturing Energy.” 


TABLE I 
For Po.tsHep Copper TuBE INSIDE oF Brass CYLINDER 
Test 195 r = 0.953 R =5.55 cm 

Observed values Calculated from equation 

Ky. t deg. b | gv gv’ Vr 
effective | cent. cm, 3 (max) | (max) k kVS 

48.5 18 75.4 1.016 40.7 41.4 0.286 0.285 
46.5 37 s 0.954 39.1 39.1 0.312 0.305 
45.2 50 ie 0.915 38.0 | Oui. 0.327 0.312 
43.4 66 . 0.873 36.5 36.2 | 0.337 0.314 
41.0 85 a 0.826 34.5 | 34.5 0.339 0.308 
39.6 100 o 0.793 33.3 33.3 0.344 0.306 
37.6 119 is 0.754 31.6 31.9 0.342 0.297 


Temperature Tests. A series of experiments on visual corona 
was carried on over a temperature range of —20 deg. cent. to 
140 deg. cent. (All tests in this paper were made at 60 cycles 
unless otherwise specified.) The apparatus is shown in Fig. 1. 
It consists of a polished wire in the center of a brass cylinder. 
The cylinder was placed horizontally in a large asbestos-lined 
‘hot box.’’ Heating was effected by grids at the bottom of the 
box. The cylinder was shielded in such a way, and sufficient 
time was allowed to elapse after each change to get uniform 
temperature in the tube. Temperature was observed by a num- 
ber of thermometers distributed in the ‘‘ hot box.” 

After heating became uniform, voltage was applied and 
gradually increased until glow appeared. The central con- 


* Part I, Trans. A. I. E. E., 1911, XXX, III, pages 1939-1947. 
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ductor was observed through a window placed in such a 
position in the front part of the box that the whole length of 
the conductor could be seen. It was found that it made no 
appreciable difference in the starting voltage whether or not 
the box and tubes were “ aired out ”’ after each test. Concentric 
cylinders were used in this test rather than parallel wires, as 
the apparatus is more compact and requires a much smaller 
“hot box.” 

Three sizes of brass cylinders were used, having inside radii 
of 8.89, 5.55, and 3.65 cm., respectively. The central conductor 
ranged in size from 0.059 to 0.953 cm. radius. I and II are 
typical data tables. 


TABLE II 
For PoLtisHED Copper TUBE INSIDE oF BRASS CYLINDER 
Test 194 r = 0.476 cm. R = 5.55 cm. 
Ky. . gv ig ae Vr 
| effective t b 6 (max) (max) Rk kV 6 
Ace 13 75.5 1.139 49.6 50.0 0.279 0.298 
40.0 0 a 1.084 48.3 48.0 0.304 0.316 
37.0 20 74.9 1.001 44.8 44.9 0.306 0.306 
35.7 41 75.5 0.942 43.2 42.7 0.331 0.312 
33.2 70 . 0.863 40.1 39.7 0.342 0.318 
31.5 87 iS 0.823 38.1 38.1 0.342 0.310 
29.5 121 io 0.753 35.7 35.4 0.361 0.313 
28.7 130 CO 0.734 34.7 34.57 0.358 0.308 
Pe are ( 0.308 
gu= : eo =318(1+ 755) 
rloge — : 
i= 3.926 _ 
(273 +4.) 


Columns 1, 2, and 3 are the observed values. For concentric 
cylinders the gradient at the surface of the inner cylinder is 


e 
abies 
r loge — 


where e is volts between cylinders, 
R is the inside radius of the outer cylinder, 
r is the radius of the inside cylinder. 
Column 5 gives the surface gradient for the voltage e, calcu- 
lated directly from observed values. Hence, columns 1, 2, 3,4and 
5 are observed values. ,As can be seen from the tables, and as 
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already noted, g, for a given r is independent of R or s, but varies 


with 6. 
By 2 A reductions of all of the data the following equation © 
connecting g, with r and 6 was obtained: 


r 
Bo = £0 9 (1 of OD 
For concentric cylinder, 


eae (: 4, 0.308 


) maximum kv. per cm. 


Vor 


1 
Fic. 2—EFFEcT OF TEMPERATURE UPON VISUAL CORONA; Te eet 
CURVES. r 
1 
These curves show straight-line relation between gy and for constant 6, therefore 


at given 8, gv= go (1 + v) 


For parallel wires, 


2 = 29.80 (1 + 2:1) maximum ky. per cm. 
Vor 


Referring to the tables, column 6 gives values of g, calculated 
from the above equation. Column 5 gives observed values. It 
is seen that the difference is generally less than 1 pet cent through- 
out the whole range. Column 7 gives values of k calculated from 
observed values of g, and for gy = 31. In Figs. 2, 3 and 4 the 
drawn lines are the calculated values, while the crosses are 
observed values. 

go has a slightly higher value for wires in a concentric cylinder 
than for parallel wires. This does not mean that the strength 
of air differs in the two cases. For a wire in a concentric cylinder 


ee 


ol i i 
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the field is balanced all around and uniform, and should give 
more nearly the true value. For parallel wires there is never 
complete balance, even where s/r is large. This gives go an 
apparent value which is slightly lower. 

Barometric Pressure. It is now interesting to see if the same 


Serr 
| 
XX CROSSES SHOW EXPERIMENTAL VALUES] > 
oe V=RADIUS OF CONDUCTOR IN CM. | ZL 
6=_3.92 b 
~ 273-+t s 
I % mS 
70 | | | x FAO 
= S x Z 
4 9 
6) a Fae 
eae yes eee an 
o A] itr ee 
Ed a Toy 
> S| ets ~<a) 
\S 
= 50 B = 
2 * 
> 
x 
40 2 
a 
-= 
30 
6 oe 8 9 1.0 11 12 1.3 


6 
Fic. 3 —EFFECT OF ‘TEMPERATURE UPON VISUAL CORONA; 
5-8, CURVES. 


0.308 


Curves are drawn from calculated values, from gy = 316 (a + ye 


G,(KV. PER CM.) 


Oi ives! ck) 20) <6 2.7, 1.8) 28 LO LT L213: 14 


Fic. 4—ErFrect OF TEMPERATURE UPON VISUAL CORONA; 


6-8, CURVES. 
f 0.308 
Curves drawn from equation gy = 316 (1 + aris 


law holds if the temperature is kept constant and 6 is varied by 
changing the barometric pressure. Taking the curves by 
Whitehead*, in Fig. 5 the drawn lines are directly as plotted in 


* Electric Strength of Air—II (Figs. 6 and 7), J. B. Whitehead, Tran- 
sacTions A. I. E. E., 1911, XXX, III, pages 1877-1879. 


1064 PEEK: LAW OF CORONA [June 25 


“ Electric Strength of Air—II.” The circles are points calculated 


from the equation vais 
= 310 (1 fies ) 
So Ss a, 
The check is quite remarkable, and the law seems to apply 
equally well for temperature or pressure. 


IV. INFLUENCE OF FREQUENCY ON VISUAL GRADIENT 


The effect of frequency on gy for the practical range of 25 to 60 
cycles, tf any, is very small and can be neglected. A few measure- 
ments are shown in Fig. 6. For the test range it is difficult to 
tell whether the slight variations are due to changes in wave 
shape too small to be detected by the oscillograph, or to fre- 
quency. The points show a tendency to decrease with increasing 


= © o|POINTS MARKED WITH CIRCLES-CALCULATED FROM | | 

uO 90 3 (1+ -308) ares 
= 31 (1+ Ss 

Ste 80 Paw ae 8 Vor : er 
La ‘x 
&. 0 j ala 
a> 7 | - 
Oe | t es ee ies 
ave, SO lo } T } 
<> | 
OF 50 
ES | | 
oe | | 

Z 30 | 


300 400 500 600 Tuo 800 
PRESSURE: MM. MERCURY 


Fic. 5—Data FoR LINES TAKEN FROM WHITEHEAD’S ‘‘ ELECTRIC 
STRENGTH OF AiR, II,’’ Fic. 6. 


frequency. There is a possibility of frequency entering thus as 
a function in 


e=n3(1t+ sayve) 


Investigation of this over a very wide range of frequency will 
be of great theoretical interest. Direct-current points by Wat- 
son are also given on curves (Fig. 6). It is interesting to note 
that these points do not indicate increased g, at lower frequencies. 

While g, over the commerical transmission range is not appre- 
ciably affected by frequency, it must be remembered that the 
power loss over this range, with sufficient accuracy for practical cal- 
culation, increases directly with the frequency, as shown in Part 
I. It will also be of theoretical interest to investigate this over 
a very wide range of frequency. The difficulties in making such a 


~~ 


= es 
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comparison even over a short range are many, due to changes in 
wave shape, power factor, etc. 


V. RELATION BETWEEN SPARK-OVER AND CORONA FOR 
PARALLEL WIRES AND CONCENTRIC CYLINDERS 


If impressed voltage. is gradually increased on two parallel 
wires placed a considerable distance apart, in air,so that the 
ratio s/r is above a certain minimum value, the first evidence of 
stress in the air is visual corona. If voltage is still further in- 
creased the wires become brighter and the corona has the appear- 
ance of extending further out from the surface. Finally, when 
the voltage has been sufficiently increased, at some chance place, 


6t 

62 | 4 ee 
° | 

60. |, eae 


os, Se ee ae BY |WAT.SON , 
nas — 


GRADIENT 
s 


_-— DIRECT CURRENT |BY WATSON 
40.4 ate = L 


38 +s 


20 30 40 50 60 70 80 90 104 
FREQUENCY IN CYCLES PER SEC. 


Fic. 6—VARIATION OF GRADIENT WITH FREQUENCY. 
These curves are plotted to an exaggerated scale to magnify any variations. 


a spark will bridge between the conductors. When the spacing 
is small, so that s/r has a certain minimum value, spark and cor- 
ona may occur simultaneously, or the spark may bridge across 
before corona appears. This value of s/r is a critical ratio. If 
the spacing is still further reduced, so that s/r is below the critical 
ratio, the first evidence of stress is complete spark-over and 
corona never appears. 

A considerable number of tests was made to study spark- 
over and corona on parallel wires. The conductors in these 
tests were supported on wooden wheels in a wooden framework as 
in former tests for visual corona, except that the wires were not 
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allowed to come in contact with the wood at point of support, but 
rested on aluminum shields spun on a curve over the end wheels. 
See Fig. 7. This method of support was found necessary, as 
otherwise spark-over always took place at the ends. The appa- 
ratus worked very well except for very large or very small con- 


SHIELD FOR SMALL WIRE 


—— 


SHIELD FOR LARGE WIRE 


Fic. 7 


ductors, when it was found almost impossible to support the 
wires without spark-over at the shields. 

The conductors ranged in size from 0.15 cm. to 1.00 cm. in dia- 
meter, and the spacing for spark-over from 1.2 to 30 cm. The 
temperature was kept nearly constant. The conductors were 
polished after each test, 
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The method of test was to start at the smaller spacing with a 
given value of 7 and measure the spark-over voltage. The spac- 
ing was increased by steps and spark voltage measured. When 
the spacing was above the critical ratio of s/r, where corona 
formed before spark-over, the corona voltage was noted first. 
The voltage was then increased until spark-over occurred. The 
spark-over point is not as constant or consistent* as the corona 
point and is susceptible to change with the slightest dirt spot 


TABLE III 
CoRONA AND SPARK-OVER FOR PARALLEL WIRES 
Test No. 166 : No. 0 wire 
Values read corrected to 25 deg. cent. and 76 cm. baro. 
| Effective 
Spacing kv. to neutral | Maximum values 
Cm. Corona Spark | Corona Spark Corona Spark 

| 3. ev €s ev es &v &s 
4 | 2.54 None | 15.8 — 21.9 — ean: 
3.81 COT ey as we 31.2 = 42.5 

| 5.08 “ 758 = 37.9 a 43.2 
; | 6.35 a 31.05 = 43.2 _ 43.8 
% | 7.62 . EO = 48.5 = 44.9 
3 | 8.89 : a 51.8 —_ 45.0 
4 10.16 40.4 40.9 56 56.7 44 44.6 
; 12.70 41.8 42.1 | 88 58.1 44 44.1 
13.97 43.7 46 (eweGsa7 60.5 44.2 46.7 
, 15.24 45.9 48.1 63.6 67 45.1 48.9 
15.78 46.6 54.1 64.8 75 43.8 50.8 
3 be iS0.32.0 10 aso 59.6 67.7 82.8 44 53.7 
; | 22.86 50.1 66.2 69.7 91.7 43.7 56.8 
: 25.40 | 51.1 71.5 70.7 99.2 43.1 60.4 
A 204i O2nd 79 72\.4 109.7- | 42.9 65.1 
| 30.48 53.1 84.5 74 117 42.9 67.9 
; a3.02> | 54.4 89.6 74.8 124 | 42.4 70.2 
2 Svea baal 95.5 76.5 132.5 42.6 73.9 
; 38.10 56.1 102.3 77.8 44.9.0} PA eS 
a 40,64 57.1 106.5 79.4 mae er43 49 80.5 
: 60.96 63.3 — 87 —_— 42.9 -- 
: | 
% Temperature 17 deg. cent. Bar. 75.3 cm. 
- Wire No. 0. Diameter 0.825 cm. 
. on the conductor surface, and any unsteady condition in the 
circuit, etc. At the beginning of the tests it was found neces- 
S sary, in order to get consistent results, to put water tube resis- 
3 tances in series with the conductors to eliminate resonance, 
3 These resistances were high, but not sufficiently so to cause an 
f . . 
7 appreciable drop in voltage before arc-over. 
Table III is a typical data Dee Each point is the average 


of a number of readings. 


* Above the critical ratio of s/r, or where corona forms first. , 
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In columns 4 and 5 are voltages reduced to maximum value to 
neutral and corrected to standard 6. Column 6 gives the surface 
gradient for corona while column 7 gives surface gradient for spark 


(MAXIMUM) 


Pa 


VOLTAGE IN KILOVOLTS TO NEUTRAL 
ee 
€ 


a 
40-- —}-— 1... ———EE————— 
TEST NO, 166 
a0fe # 
= SIZE *0 825 CM. DIAM, 
2 ; POLISHED COPPER 


CORRECTED TO 25°C AND 76 CM.BARO. 


10 20 30 40 50 60 
SPACING IN CM. BETWEEN CENTERS 


Fic. 8A—SPARK AND VISUAL CORONA VOLTAGES FOR PARALLEL WIRES. 


_ 
= 
— 


100 


R CM.( MAX.) 
Ss 


Ee 
=> 


TEST NO. 166 


size *0 825 OM, DIAM, 
20 POLISHED COPPER 
CORRECTED TO 25°C AND 76 CM.BARO, 


VOLTAGE GRADIENT IN KY. P 


0 10 20 30 40 50 60 70 
SPACING INCM.BETWEEN CENTERS 


Fic. 8B—SPARK AND VISUAL CORONA VOLTAGE GRADIENTS 
FOR PARALLEL WIRES. 


up to the spacing where corona starts first; above this critical spac- 
ing it is the apparent surface gradient, as the conductor above this 
point must be larger on account of corona. As the field around 
the conductors at the small spacings is very much distorted it is 


i 
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necessary to use the following rather complicated formulas 
to calculate the surface gradient. 


e 
: Dr 1 p+D 
P ees, 
where 
—2r 
p= Sie] 
s = distance between conductor centers. 


r = conductor radius. 


p= D1 pee 
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Fig. 84 is a typical curve. Voltage is plotted with spacing 
for spark and corona. Up to spacing 12.4 cm. there is spark-over 
before corona. This curve seems to be continuous with the co- 
rona curve which starts at this point. The spark curve here 
branches* and is very close to a straight line within the volt- 
age range. In Fig. 8B the suiface gradient curves are 
plotted. The corona gradient is a straight line parallel to the 
X axis, with a slight hump at the critical ratio of s/r. The appar- 
ent spark gradient is also a straight line, within the test range. 
It intersects the corona line at the critical ratio point, or at 

*The spark curve above the triangular paint, where corona is present, 


is affected by relative humidity to some extent, the voltage increasing with 
increasing humidity. Values given are for fairly low humidity or dry air, 
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what may be termed the triangular point, and extended cuts the 
g axis at g = 30. Figs. 9 to 12 give similar curves for different 
sizes of wire. For a given spacing the spark-over voltage in- 
creases as the size of the conductor decreases. 

It is important to note that for all sizes of wire the spark 
gradient curve extended asa straight line cuts the gradient axis 


CORRECTED TO 25°C AND 76 CM, 


VOLTAGE GRADIENT IN KV.PER 


10 20 30 70 50 60 
SPACING IN CM. BETWEEN CENTERS 


Fic. 9B—SPARK AND VISUAL CORONA VOLTAGE GRADIENTS FOR 
PARALLEL WIRES. 


at g=30. That is, at zero spacing, where, compared with the 
distance apart, the conductors are plane surfaces, the gradient 
has the same numerical value as the disruptive gradient gy. This 
seems to be a further check on go. Spark curves extended as 


TABLE IV 
CriticaL Ratios s/r—-EXPERIMENTAL VALUES 

; Ss 
Size—B. & S. Radius cond. cm. cm. S/r 
0 0.461 13.5 29.3 
0 0.412 1 yf 28.4 
2 0.327 10.2 By te 
4 0.260 7.9 | 30.4 
5 0.230 7.3 31.7 
6 0.205 6.2 30.2 
8 0.162 4.8 | 29.6 
10 0.129 4.0 31.0 
py 0.103 3 | 29.1 

| Average 30.1 


Intersection point of gy and gs. 


straight lines through the critical ratio point and intersecting 
the gradient axis at g = 30 are shown in Fig. 13. The triangu- 
lar point or critical ratio of s/r is tabulated in Table IV. 

Its average value is s/r = 30. If we assume that the spark 
gradient curve is a straight line, the conditions are that it must 
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cut the corona gradient line at s/r = 30 and extended must cut 
the g axis at go = 30. The equation for g, is 


= 30 (tba ) (6a) 
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At s/r = 30, g, reduces to g, and formula (5a) should be used 
és = g; r log s/r kv. max. to neutral, 


or more accurately, r log s/r 
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PARALLEL WIRES. 


In Fig. 13 each drawn curve is for g, values calculated for 
varying spacing at constant radius. The points are measured 
values. The corona boundary line is the g, curve; it intersects 
the g, curves at s/r = 30. Corona does not form below this line, 


but spark jumps across immediately. 
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In Fig. 14 each curve is drawn for a constant spacing and vary- 
ing radius. The broken line is the critical ratio line; it also 
corresponds to the g, curve. For spacing below this line 
spark takes place immediately before corona forms, and the 
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g, values fall pretty well on the g, line, as shown by triangles. 
They generally fall a little low. 

Fig. 15 is voltage plotted in the same way. Below the corona 
boundary where spark occurs before corona, the e, curve does 
not hold. The broken lines are calculated from g, and é». 
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The points are observed values. Thus corona gradient and 
spark-over gradient and hence spark voltage and corona voltage, 
below s/r = 30, are the same. 

In Fig. 16 the drawn lines are calculated from 
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This formula is based on the assumption that all sizes of 
wire for a given spacing would spark over at the same voltage 
if there were no “ corona resistance.” 

For no “corona resistance,’ spark would take place where 
s/x = 30, where x is the diameter of conductor and corona, and 
go at x = 30 kv. per cm.—that is, 3.4 s. 
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However, as small wires require higher voltage than larger 
ones there is a ‘drop’? due to corona resistance which is a 
function of r. From experiments 


cae 
Hence total spark-over voltage is 
a= Geo SS 
=3.45 + TAR 


The measured points do not follow this formula as well as 
the one based on a straight line gradient. The method of 
derivation, however, is interesting. 

The reason that spark takes place before corona can n form, at 
small spacing or below s/r = K, can be seen as follows: 

Considering first a wire in the center of a cylinder, 


. a ey 
Sv * “r log, R/r 


e=2,'r loge Rir 


Assuming g and R constant, increasing r increases e up to a 
certain maximum point where e begins to decrease. Thus be- 
yond the maximum value of e the effect of reducing the flux 
density by increasing 7 is overcome by decreasing the distance 
between cylinders or reducing the ratio R/r. If corona could 
form where R/r = ratio for maximum e, or less than for 
maximum e, the conductor would be, in effect, increased in 
radius by the conducting corona. This new radius would re- 
quire lower e for corona, hence represents an unstable condition 
—that is,spark-over. Thus corona will appear before spark 
where R/r is greater than K, and spark must take place and 
corona cgnnot form where R/r is less than K. Under the 
above assumption of constant g the critical ratio is R/r= e. 
The ratio R/r = € is generally taken as the ratio for maximum 
dielectric strength of concentric cylinders. This does not 
seem correct,as in the above assumption g, was taken as con-_ 
stant. We know, however, that g, is a function of r, and for air 
is? 

0.301 
t= (1+ "2) 
=o (1 a vr) r log. R/r 
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Differentiating for maximum, 


0.301 
Vr 


de 0.301 
ay. = £0 [(: -f 7) log, R/r —l|—- 
or 


€ is maximum when 


0.301 0.301 
[2+ 3575) tome Bir 1-208] = 0 


This gives a ratio of R/r greater than €. The experimental 
ratio in Fig. 17 is 3 and checks with the above. 
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Fic. 17—RELATION OF CORONA AND SPARK-OVER FOR CONCENTRIC 
CYLINDERS. 


If a very small value of r is taken so that corona forms, and 
the voltage is increased, spark-over finally occurs. It might 
be supposed that as the voltage is increased and the center 
wire becomes larger and larger in effect, due to conducting 
corona, that finally, when R/corona radius = critical ratio, 
spark-over would occur. This is not the case. It takes a much 
higher voltage for the small wire plus corona than for metallic 
cylinders at maximum ratio. Hence corona seems to be either 
in effect a series resistance, or grades or distributes the flux 
density. See Fig. 17.. This has an important bearing on the 
study of the power loss equation. 


1078 PEEK: LAW OF CORONA [June 25 


Taking now the exact equation for parallel wires 


ey 
ie 
OE p+ 
<p) epee D 
0.301\ D a 8) 
wma (i+ a) poe Si 


Varying r for constant s = 10 it is found that e, is maximum 
when s/r = 6.67. See Fig. 18. Experiments show this ratio 
to be 30. The difference is evidently due to the distorted con- 
dition of the field at the small spacings. 
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Fic. 18 


The visual corona voltages, or the spark-over voltages below the 
critical ratio of s/r or R/r, should be of practical value for volt- 
age measurement on account of the accuracy at which they 
may be determined or calculated for different temperatures, 
barometric pressures, etc. 


VI. INFLUENCE ON CORONA AND SPARK-OVER OF WATER 
AND OIL ON THE CONDUCTOR SURFACE 


These tests were made in a manner exactly similar to the dry 
spark-over and corona tests. In the oil tests, the surface of 
the wire was coated with a thin even film by means of an oiled 
rag. For the wet tests water was sprayed on the conductor 
surface after each reading by means of an atomizer. Figs. 19-23 
are dry, wet and oil curves for three different sizes of wire. 

For spark-over both water and oil have approximately the same 
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TEST NOS, 
161-174-175 
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Fic. 21—SparkK AND VISUAL CORONA VOLTAGES FOR PARALLEL WIRES. 
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effect, that is, give very nearly the same spark-over voltage for 
all sizes of conductor. This curve very closely follows the needle 
gap curve. 

For corona, water very greatly lowers gy. Oil lowers gy but 
to a much less extent than water. Where the conductor is 
very small the per cent increase in diameter due to oil more than 
compensates for the lowering effect. The visual corona gradient 
(max.) for oil- and water-coated conductors may be found thus: 


Water surface by fine spray or fog: 


ono (i + 288) 
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Fic. 283—SPARK AND VISUAL CORONA VOLTAGES FOR PARALLEL WIRES, 


Oil film surfaces: 


2.2?) ; 
»=19 (1 + ——)] See Fig. 24. 
2 ( i ati g 


VII. Some AppITIONAL REMARKS ON DISRUPTIVE 
GRADIENT— £9 
Fig. 25 shows three entirely different methods which all seem 
to indicate a constant disruptive gradient of go = 30 for air, as 
follows: 
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a. By Visual Corona. 


b. By Power Measurement. This curve is plotted between the 
square root of measured power and the surface gradient g. 
The curve intersects the axis at g = 30 or 


p = m (g — go)? = m (g — 30)? 


c. By Spark-Over Between Parallel Wires. This curve is 
plotted between gradient and spacing. The curve, extended to 


0 a) 10 


2.0 2.3 3.9 


15 
Fic. 24—RELATION OF gy TO 1/\/r 


zero spacing—where r is so large compared to s, that the wire 
surface may be considered a plane—intersects the g axis at gp = 30. 


VIII. RupturinG ENERGY oF AIR 

It is now of theoretical interest to investigate the energy in a 
zone surrounding the surface of the conductor just at the instant 
before visual corona, when the outer boundary of the zone is 
an equigradient circle gy, and the inner boundary, the conductor 
surface at gradient g,. 

The tests for visual corona show that the surface gradient, es 
for the first appearance of visual corona is not constant for 
all sizes of conductors, but is a function of the radius, r, of the 
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conductors. g, increases as 7 decreases. From the equations, 
when 6 = unity 
— ey 
eS ey log. s/r 
ey 
g 


I8% (EEX Og. S/F 


It seems that air has a constant breakdown gradient go for 
given density 6, but that energy is necessary to start rupture. 
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Fic. 25—DIFFERENT METHODS OF OBTAINING go. 


This means that rupture cannot occur at the surface of the 
conductor when the surface stress becomes go, but only after 
the gradient reaches a higher value, g,, at the conductor surface 
and, hence, go, at a finite distance x from the conductor 
surface when rupture occurs. The energy stored in the zone 
between g, and gp may hence be called the “ rupturing energy.’’* 
See Fig. 26. 

* This must not be confused with the power lost by corona. It is the 
energy stored between g, and go to start rupture, or up to the point where 
loss begins. 
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The rupturing energy for a conductor of radius r, and one cm. 
long and 6 = 1 may be calculated thus: 


i, = —— 2 
oo + log s/r 


From experiments 


é: ey 
~ = = 29,800 
O° + 67) log s/t (ry +0.301 V7) log. s/r_ 


Therefore 0.301 Vr is the thickness of the energy film x, and 
(r + 0.301 Vr) is the outer radius of the energy cylinder. 
Also 


é = (r + 0.301 Vr) g log, s/r 


GRADIENT CURVE 


DISTANCE FROM CONDUCTOR 
CONDUCTOR 
— RUPTURING ENERGY ENVELOPE 


Ficg. 26—RvuPpTURING ENERGY IN. AIR SURROUNDING ONE oF Two 
PARALLEL CONDUCTORS. 


From Fig. 26, rupturing energy is found 


dw=SedV 


where K = 0.08842 10-” coulombs per volt percm. thickness 
of dielectric (air) per square cm. cross-section, 


but 
dV=2m7ydy 
therefore 
dw=7Kg’ ydy 
Therefore 


y= (r + 0.301 /r) 
Os rx gy dy 


ble e a 


\ Th ee 
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Substituting 
ete oa eee 
y log. s/r 


y=(* 40.301 Vr) 


CQ == aan Cvs9 K ex” dy 
(log. s/r)? y 


y= 7 
but 
ey = (r+ 0.301V7) go log, s/7 
Therefore 
w= K go? (ry +0.301 Vr )? log, ae ver 


w = 25 (r + 0.301 Vr)? log, (10501 io joules. 


w is the energy in joules that must be stored around the surface 
of the wire per cm. length of conductor to start corona at 6 = 1. 


_ It is seen that the rupturing energy increases as r increases. The 


rupturing energy is independent of s—that is, g, for a given wire 
must be independent of s, which is borne out by experiment, 
and is an interesting point. 
From Section III of this paper, on temperature and pressure, 
it is seen that 
goed (ek) 
ro 
This apparently means that the disruptive gradient go varies 
directly with the air density 6. Also that the energy storage 
distance x increases, as 6 and go decrease. 


Then 


( By ) tbe sir 


1086 PEEK: LAW OF CORONA [June 25 


Introducing 6 into the energy equation, 


eae G = 0.301 V f y log = 10 joules per cm. 


Via 
V0 conductor. 


In Fig. 27 the “‘ rupturing energy "’ calculated from the above 
is plotted for different conductor radii and at 6 = 1 to show the 
energy increase with increasing r. 

In Fig. 28 the “ rupturing energy ”’ for a given size conductor 
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Fic. 27—RELATION BETWEEN RuptuRING ENERGY AND RAp1US OF 
WIRE. 


is plotted with 6. This curve shows that energy to start rupture 
increases almost directly with the air density. 


IX. SoME REMARKS ON PowER Loss By CORONA 
The equation for power loss by corona on parallel wires is 
b = K'/6f Vr/s (e — gomr6 log s/r)? * 10-5 (6) 
At 6 = land m) = 1, 
b= K'f Vr/s (e — e)*? X 10-5 (6’) 


_—>"-te-=—-*.. + 
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For a wire with a given radius r and uniform dielectric flux 
distribution it would be expected that the loss for a given apparent 
surface gradient, g, would be the same, independent of s, or 


Pee he P(e. — go)? 
Equation (6’) may be written 
(. p=K'f Vr/s (log s/r)? ? (g — go)? X 105 


Thus for a uniform field the terms V r/s (log s/r)? should 
cancel and the equations become 


p= Kf 7r (ei oe), 
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Fic. 28—VARIATION OF RUPTURING ENERGY wiTH AiR DENSITY 


Fig. 29 shows measured curves plotted between g and Vp 
for a given wire at three different spacings. These curves all 
intersect the axis at g) max. = 30, at 6 = 1. s enters asa func- 
tion, otherwise all of the points would be on the same line. Hence, 
for parallel wires, when corona starts it acts somewhat as a 
flexible conductor in which the radius of curvature can change. 
The slightly non-uniform field, even with large values of s/r, 
starts distortion, and the effect is accumulative. For a given 
value of g the loss should therefore be greater at small s than large 
s. Experiments show this to be the case. 

The equation derived for the average spacing is 


b = 500 f r? (g — go)? X 10-5 
g = effective gradient gp = 21.2 
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This should probably be the form of the equation for loss in 
concentric cylinders. For parallel wires it gives values too high 
at the larger and too low at the smaller values of s /r.. The-errot 
for parallel wires, neglecting ¢ (s), is usually below 20 per cent. 

This effect of spacing is brought up here as an interesting 
point in the complication of the mechanism of corona loss and one 
of the almost innumerable influences that must be considered in 
rationalization. Another point of considerable interest is the 
loss per cycle over a greater frequency range. 


X. SrrRoBoscoPic STUDY OF CORONA 


A study of the power loss equation leads one to suspect that 
the mechanism of corona loss is more complicated than might at 
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Fic. 29—RELATION BETWEEN POWER Loss AND APPARENT 
SURFACE GRADIENT. 


first be supposed. This is also indicated by many peculiar 
phenomena* of the spark discharge. For instance, while investi- 
gating a-c. spark-over and corona for parallel wires it was ob- 
served that when the end shields are not used, and the wires come 
directly in contact with the wooden wheel supports, corona often 
appears to bridge completely between the conductors without 
dynamic arc. In this case it seemed possible that the corona on, 
say, the positive wire, extended out further than the corona 
on the negative wire, then as each wire is alternately positive and 
negative, the positive discharges overlap and combine in the eye, 


*An interesting one observed by Mr. C. W. Stone is that in the 
automobile spark plug, it makes considerable difference, in firing, which 
polarity is connected to the pointed electrode. Best results are obtained 
when the negative is connected to the point, indicating a hot negative. 
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AS Es E; 
VOL. XXXI, 1912 


(1) Without stroboscope—72,000 volts. 


(2) With stroboscope—72,000 volts. 


(3) Stroboscope rotated 180 deg. 


[PEEK 
(4) Same as (3) with voltage increased to 84,000 Right — 


Fic. 31—CoroONA BETWEEN COPPER NEEDLE Points. 


Specing 20.5 cm. 


Left + 
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A. 1, E, E. 
VOL, XXXI, 1912 


[PEEK] 
Fic. 32—COMPARISON OF CORONA ON WIRES AND BETWEEN NEEDLES, 
WITHOUT STROBOSCOPE. 
Phosphor bronze wire, spacing 14.5 cm. Spacing of needles 18 cm. 71,000 volts. 
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Left — Right + 
Fic. 33—COMPARISON OF CORONA ON WIRES AND BETWEEN NEEDLES, 
WITH STROBOSCOPE. 
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(1) Without stroboscope. 


Left + 
(2) With stroboscope. 


Right + 
(3) With stroboscope rotated 180 deg. 
Fic. 34—CoRONA ON PARALLEL WIRES. 
No. 13 B. & S. wire—spacing 12.7 cm.—82,000 volts. 
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[PEEK] 
Left — (1) Right + 


[PEEK] 


Left + (2) Right — 
Fic. 835—CorRONA ON PARALLEL WIRES. 


Iron—first polished and then run at 120,000 volts for two hours to develop spots. 
With stroboscope. Photographs taken at 80,000 volts. Diameter 0.168 cm. Spacing 
12.7 cm. 
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Left+ [PEEK] Right — [PEEK] 
Fic. 37—Po.isHep Brass Rop. 


Diameter 4.75 cm.—spacing 120 cm.—150,000 volts. 
Note that negative ‘‘beads’”’ are just starting to form. 


[PEEK] 
Fic. 36—SECTION 
OF WIRE. 

No volts. Bright 
spots show position of Left — [PEEK] Right-+ [PEEK] 


BEEING. SEG Ss Fic. 38—Coprrer WIRE. 
enlarged scale. 


Diameter 0.26 cm.—spacing 120 cm.—200,000 volts. 
Polished at start—note negative apparently following 
helical “‘grain’’ of wire. 
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[PEEK] 
Fic. 40—Onre or Two PARALLEL STEEL Rops POINTED AT ENDS 
(Dirty). 


Without stroboscope. 
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[PEEK 


[PEEK] 
(2) 


[PEEK 
(3) 
Fic. 43—PARALLEL WIRES AT SAME POTENTIAL, WITH DIFFERENT 
SPACINGS. 


At left, view perpendicular to plane of wires. 
At right, view in plane of wires. 
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giving the effect of a single discharge completely across between 
the conductors. 

In the hope of throwing further light on the discharge and loss 
mechanism an investigation of corona and spark was started 
with the help of the stroboscope. This investigation is being 
continued. 

A needle gap was first arranged across the transformer with a 
high steadying resistance. The impressed voltage was adjusted 
until corona appedred all the way between the conductors as in 
Fig. 30 (1). 

Examination of this was then made through the stroboscope, 
which was so set that the left needle, Fig. 30 (2), was seen as 
positive, and the right as negative. To the eye, the discharge 
from the positive needle has a bluish white color and extends 
out a considerable distance, the negative appears as a red and 
hot point. This confirms the speculation made above. Thus, 
the discharge always starts out from the positive toward the 
negative. Fig. 31 (1) is the discharge as it appears without 
stroboscope, 31 (2) with right needle as positive, 31 (3) with 
stroboscope shifted 180 deg. to show left needle as positive. 
In 31 (4) the stroboscope has the same position as 31 (3), but 
the voltage is higher, and many fine “‘ static ’’ sparks can be seen. 
Note that the discharge gives one the impression of a spray issuing 
from the positive under pressure and being collected in at the 


‘negative. 


If voltage above the visual corona point is impressed on two 
parallel polished wires a more or less even glow appears around 
the wires. After a time the wires have a beaded appearance. On 
closer examination the beads appear as reddish tufts, while in 
between them appears a fine bluish white needle-like fringe. On 
examination through the stroboscope it can be seen that the more 
or less evenly spaced beads are on the negative wire, while the 
positive wire has the appearance, if not roughened by points, 
of a smooth bluish white glow. At points the positive discharge 
extends out at a great distance in the form of needles; it is prob- 
able that it always extends out but is not always visible except 
as surface glow. Thus, the appearance of beads and fringe to 
the unaided eye is really a combination of positive and negative 
corona. In Figs. 32 and 33 two wires are placed close together 
at the top. The bottom is bent out and needles fastened on. 
Fig. 32 is without stroboscope. Fig. 33 is taken with strobo- 
scope set to show positive right and negative left. Thus, posi- 
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tive and negative coronas for points and wires are directly com- 
pared. Fig. 34 (1) is taken without the stroboscope, (2) with 
right negative, (3) with stroboscope shifted 180 electrical 
degrees to show the right positive. Fig. 35 (1) shows the left 
wire negative and right positive. These wires were, at the 
start, highly polished. At first corona appeared quite uniform, 
but after a time unde, voltage the reddish negative tufts separ- 
ated, more or less evenly spaced as shown. 35 (2) is the same 
with stroboscope shifted 180 degrees. Fig. 36 shows a section 
of this wire photographed on an enlarged scale without voltage. 
The bright spots are still polished and correspond in position to 
the negative tufts. The space in between is oxidized. Thus, the 
negative discharge appears to throw metal or oxide from the 
surface at discharge points. This takes place with either copper 
or iron wire. 

Fig. 37 shows positive and negative wires widely spaced to get 
uniform field. A close examination of the negative shows beads 
about to form. Fig. 38 shows a similar pair of conductors. The 
negative in this case has formed a helix, apparently following the 
grain twist of the conductor. 

A large fan-like bluish discharge is often observed extending 
several inches from the ends of transformer bushings, points on 
wires, etc. This discharge has the appearance of a bluish spray, 
reddish at the point. The stroboscope shows that the bluish 
spray is positive, while the red point at the base of the spray is 
negative. Fig. 39 shows one of two parallel polished rods, (120 
cm. spacing), supported at the top and brought to sharp points 
at the bottom. 39 (1) shows how each wire appears without 
stroboscope. 39 (2) is the wire when positive; 39 (3) the wire 
when negative. Note the dark space on 39 (3) between the 
point and negative corona helix of tufts. 39 (1) shows this 
space to have only the positive glow. 

Water was placed on a pair of parallel conductors. At the wet 
places the positive corona extended out in long fine bluish-white 
streamers. See Fig. 40, without stroboscope. With certain forms 
of dirt on the wires the negative corona appears as red spots, the 
positive always as streamers. It is also interesting to note that 
if a uniformly rough wire is taken, as a galvanized wire or ‘‘weath- 
ered ’’ wire, the positive appears as bluish needles, while the 
reddish negative is more uniform than on the “‘ corona spotted ” 
polished wire, in which case the negative corona appears as 
concentrated at the non-oxidized spots. It is probable that the 
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polished spots are kept so by metal and oxide being ‘“ thrown out” 
at the negative, as suggested above. 

The stroboscopic study suggests that the corona loss is, in ef- 
fect, in the form of a ‘‘ conduction” across from positive to nega- 
tive, always starting trom the positive conductor—thus starting 
alternately at each half cycle, first from one conductor, then 
from the other. The voltage point,on the wave at which 
corona starts is higher than where it stops. Work is now 
being done to determine the relative position on wave at 
start of positive and negative coronas. 

Many of the stroboscope data to date are given here as taken 
and without speculation. It is hoped that considerable light 
will be thrown on the mechanism of discharge and loss by this 
investigation. 


XI. MECHANICAL VIBRATION OF CONDUCTORS AND OTHER 
PHENOMENA 


Over a year ago a pair of 20-mil steel conductors, 500 feet 
long, were strung at about 10 ft. spacing, for power loss measure- 
ments. It was noticed at high voltage that the conductors 
vibrated, starting with a hardly perceptible movement, which in 
a few minutes had an amplitude of several feet at the center of 
the span. Generally one wire vibrated as fundamental, the other 
as third harmonic. The period of the fundamental in this 
case was about one per second. 

Figs. 41 and 42 show this condition repeated in the laboratory 
on short lengths of conductor. In Fig. 41, one wire is vibrating 
as the fundamental, the other as the second harmonic. The mo- 
tion is rotary. For the wire with node in center, Fig. 41, it is 
extremely interesting to note that for about one-half of the rota- 
tion the wire appears very bright, for the other half rotation the 
wire is much less bright. This seems to mean that each part of 
the wire is rotating at the power supply frequency—60 cycles 
per second. Hence it has the effect of the stroboscope, and for 
part of the rotation there is always negative corona and for 
the other part always positive corona. 

Fig. 43 shows two parallel wires connected to the same side of 
the transformer, and at a constant spacing s of 120 cm. from the 
conductors of the opposite line; 180,000 volts is impressed 
between lines. Both front and edge view is shown. (1) shows 
the two wires of same potential 2.54 cm. apart. (2) shows the 
wires 1.27 cm. apart and much less corona than on (1). (3) 
shows the wires very close together, and that the corona has 
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increased again. The critical voltage is maximum, therefore, for 
spacing somewhere between (2) and (3). Note that the coronas 
are repelled out and the space between the two wires is dark. A 
somewhat similar thing takes place on a stranded cable where 
the critical voltage is much higher than the critical voltage of 
a single strand, but somewhat lower than a solid conductor of 
the same outside diameter. 

Fig. 43 means that when conductors of a given polarity are 
placed near other conductors of the same polarity the critical 
voltage is increased, also that there is a certain best arrangement 
of conductors for maximum é,. 


XII. GENERAL REMARKS 


While the experiments and deductions included in the pres- 
ent paper throw a great deal of additional light on the 
mechanism of corona formation and loss there is still considerable 
work to do, both from an experimental and theoretical standpoint. 
It was thought best, however, in order to make the results most 
useful, to put them in the hands of other investigators as soon as 
obtained, and in their present form. 

Extensive experimental investigations are still being planned 
and carried on. These have a bearing on theoretical work done, 
but not included here. Of special interest will be the effect of 
frequency on power loss and visual corona, over a very wide 
range, corona at continuous impressed volts, etc. 
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THE ELECTRIC STRENGTH OF AIR—III 


BY J. B. WHITEHEAD 


The two earlier papers of this series discussed more par- 
ticularly the conditions governing the start of the high-voltage 
corona. ‘This line of investigation is continued to some extent 
in the present paper. In addition some interesting observations 
of the properties of the full-formed corona itself are recorded. 

The work described in these papers has as its principal object 
a further knowledge of the physical laws underlying the widely 
diverse manifestations of the breakdown of the air under electric 
stress. Several results described in the earlier papers, e.g., the 
influence of moisture, of atmospheric pressure, and of stranding 
the conductor, have had a direct practical bearing. For the 
most part, however, the results are of only indirect value to 
engineers, since they are concerned rather with the ultimate 
nature of the corona. For this reason, and also because in Insti- 
tute discussions of corona phenomena some indifference has 
been expressed to the introduction of the language of present 
accepted theories of gaseous conduction, the results of the 
present paper are offered to the Institute with some diffidence. 
The writer is encouraged, however, by a conviction that the 
electrical engineer can no longer afford to rest content with 
observed facts and laws, or as one has expressed it, to be “ satis- 
fied with the volt-ampere characteristic, ’’ leaving investigation 
and explanation to the physicist. However true this may be 
for other branches of engineering, the position is not tenable 
for us. For in every direction we are face to face with*unex- 
plained facts and unexplored fields of investigation. And we 
have at our disposal apparatus and a range of variation of the 
quantities involved which are usually denied the physicist 
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by his lack of engineering training. We can perform lasting 
service by extending the limits within which existing theories 
have been tested and by exploring phenomena which seem to 
fall under no theory. Thus the investigations described in these 
papers have been undertaken partly under the attraction in- 
herent in journeys into new country, but also in the certainty 
that the laws of corona formation can be obtained only by 
controlling all the attendant conditions. A more intimate study 
is necessary than is possible on transmission lines in the open, or 
in other instances where the range of observation is restricted 
to one set of conditions containing many elements. 

The present experiments may be divided into three classes. 
The first is a study of the nature of the conductivity or ioniza- 
tion of the air in the neighborhood of the corona. The second, 
the determination of the diameter of the corona for several 
particular cases. The third, an investigation of the influence 
of the subdivision of a conductor on the corona-forming voltage. 


THE IONIZATION DUE TO THE CORONA 


In the experiments with cylinder and central wire described 
in the earlier papers it will be recalled that the conductivity 
imparted by the corona to the air, in discharging an electroscope, 
afforded an accurate means of observing the initial breakdown 
of the air. It was noticed that the electroscope acted equally 
well as an indicator of the first presence of corona whether 
charged positively or negatively. With increasing alternating 
voltage and corona volume there was some indication that the 
discharge was more rapid when the electroscope was charged 
negatively. The time of complete discharge is so short, however, 
when the voltage is pushed even slightly above the critical value, 
that the electroscope becomes unsuitable for studying this 
peculiarity. A less sensitive instrument is necessary. In the 
arrangement of apparatus shown in Fig. 1 the wire A, on which 
the corona forms, lies along the axis of a woven wire cylinder 
B, 17.13 cm. in diameter and 120 cm. long. The wire of the 
_ cylinder was No. 19 B.&.S. gage and the square mesh opening 
0.8cm. ona side. No appreciable alteration of the symmetrical 
field inside the cylinder is caused by the openings. Corona 
voltages measured with this cylinder agree with those taken 
with the same wires in solid wall cylinders. An outer sheet 
metal cylinder C, 17.8 cm. in diameter and 50 cm. long, was 
placed outside the wire mesh cylinder B, and suspended from 
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two sulphur insulators, D. This cylinder therefore formed a 
large insulated electrode for collecting the charge which, origina- 
ting as ions in the corona,escapes under the velocity of the electric 
field through the openings in the wire cylinder. Screens SS 
restrict the charge collected to that originating from a constant 
length of wire. The wire cylinder was connected to ground 
throughout the experiments. The outer cylinder was connected 
through a D’Arsonval galvanometer giving a deflection of one 
mm. at 2 X 10-7 amperes, to either the positive or negative 
terminal of a variable source of continuous potential, the other 
terminal being connected to ground. When no field is applied 
between B and C any charge that reaches C is due to the velocity 
acquired by the ions or charged particles of air while inside the 
cylinder B and so under the influence of the electric field between 
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Fic. 1—PosiITIVE AND NEGATIVE IONIZATION OF THE CORONA. 


A and B. When a continuous potential difference is applied 
between B and C, and when a corona exists on the wire A, the 
resulting charge which flows away from C is of sufficient magni- 
tude to give large deflections in galvanometers of moderate 
sensibility. Evidences of ionization or conductivity may be 
detected by the electroscope at distances of 30 cm. or more 
when the cylinder C is removed, but in order to bring the current 
corresponding to the continuous rate at which the charge reaches 
C, within range of ordinary galvanometers, the separation 
between C and B should be small. Obviously when C is charged 
positively it will collect negative ions, and vice versa, and the 
greater the potential to which C is raised, positive or negative, 
the greater will be the proportion of ions which, escaping through 
B, will reach C. 


1096 WHITEHEAD: ELECTRIC STRENGTH OF AIR [June 25 


The first experiments were made with a 0.152-cm. polished — 
copper wire. The corona started on this wire at about 63 volts 
on the primary of the step-up transformer of ratio 1 :250. 
Voltage control was obtained with an induction regulator. The 
wave shape was closely sinusoidal. As the study is purely 
qualitative the observations are omitted and the results are 
plotted in curves with the quantities as read on the several 
instruments as coordinates. Fig. 2 shows three curves plotted 
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Fic. 2—PositivE IONIZATION FROM CORONA. 


between galvanometer deflection and values of continuous nega- 
tive potential up to 120 volts applied to the outer cylinder C. 
The three curves were taken with 80, 100 and 120 volts, respect- 
ively, on the transformer primary. The curves show by their 
intersection with the axis of zero continuous potential the 
interesting fact that at low alternating voltages, that is, in the 
neighborhood of the start of corona, an excess of positive ions 
reaches the opposite conductor, whereas with increasing alterna- 
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ting voltage the sign of this excess changes to negative. Thus 
with no voltage between the outer cylinder and ground and with 
alternating voltage only slightly above that at which corona 
Starts, there is a small but definite positive charge collected on 
C; with increasing alternating voltage the sign of this charge 
changes to negative. The values of these charges are small, as 
a low value of continuous negative potential between B and C 
masks the difference except in so far as indicated by the inter- 


eal alert | cece! 


40 
bel Ake) 
CRITICAL PRIM. VOLTS=63 Seas seen 
LI L¥ + 
| i YA | 
als Bilal” ral y 
| Ley 
30 +f 44 
Cr 7 | Fal 
mi 
7 
“a ij 
z ri a 
OF ji $7109 (0) 
8 4 coat BEBE AP ae 
a. a TT 
t20 Z 
a H + 4 ¢ ‘i ae 
: ZOLA 
S 7 | 
f- 
7 onan 
if ip sb 
is 80.(a) 
10 L f [ a5 ae 
| # 7 crim 
Tf Let 
Fi ! Le | + 
ZL fi IEs Pet 
d (ea i alps? 
le 
V4 ce 
0 20 40 80 100 120 


60 
D.C, VOLTS 


Fic 3—POsITIVE AND NEGATIVE IONIZATION FROM CORONA. 


sections of the curves. The curves also show that at 120 volts 
between B and C the galvanometer deflections are still increasing 
rapidly with the voltage, indicating that only a fraction of the 
total conductivity or ionization generated by the corona is 
collected by C. 

The curves of Fig. 3 show for the same alternating voltages 
the results with C at different values of positive and negative 
potential with reference to B. The solid lines indicate positive 
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charge, the dashed lines the negative charge collected on C. 
The curves a for 80 volts (primary) show that the excess of 
positive charge at low alternating voltage, shown in Fig. 2, is 
independent of the potential of C. The curves } and ¢ show that 
there is a reversal of sign of the excess charge reaching C between 
80 and 100 alternating primary volts, and that the excess of 
negative charge increases with further increasing alternating 
voltage. 

A further series of observations was taken for the values of 
alternating voltage between 63, the primary voltage at which 
corona begins, and 120, with C at various positive and negative 
potentials. The curves are similar to those of Fig. 3 and are 
omitted from that figure in order to avoid confusion. They 
also show, in agreement with the observations described in the 
first paper of this series, that 
there is no ionization before 
corona starts. They show further 
that at 97 volts the curves for 
positive and negative potentials 
of C coincide, i.e., that the 
excess of ionization changes sign 
at this voltage. 

The curves of Fig. 4 show, for 
0.152-cm. and 0.276-cm. wires, 
the variation between current 
received at the electrode C and — “YC warevolrs 
alternating primary voltage up 
to 130, with C maintained at 
100 volts continuous potential; solid lines C negative, dash lines 
C positive. They show that when corona starts a small though 
appreciable stream of positive ions immediately reaches the 
opposite conductor; beginning with this value the intensity 
of the positive stream increases at first sharply, but with decreas- 
ing rapidity, then approximately linearly, with the elevation 
of alternating voltage. The negative stream appears to begin 
with zero value at the start of corona but to increase more rapidly 
than the alternating voltage and therefore crosses the line show- 
ing the behavior of the positive stream. The third pair of curves 
in Fig. 4 is plotted from a series of observations with a central 
conductor consisting of three 0.152-cm. wires arranged in form 
of an equilateral triangle 0.62 cm. to a side. These curves will 
be commented on later in this paper. At present it need only 
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be noted that they have the same characteristics as those for 
the single wires. 

The charge received on C and read as current on the galva- 
nometer is an indeterminate portion of the total which would 
reach the cylinder B if there were no openingsinit. Consequently 
the actual current values read on the galvanometer can have no 
direct bearing on the current passing between A and B. How- 
ever, if the potential of C is maintained at the same value through- 
out a number of tests on different conductors, the curves between 
galvanometer current and alternating voltage may be used as 
an approximate method of comparing the relation between 
voltage and conduction current and therefore power loss for 
the several conductors. Thus from Fig. 4 it is not unreasonable 
to conclude that the power loss increases with the voltage in 
approximately the same relation for each of the three conductors 
there indicated, since the galvanometer current represents 
approximately the same proportion of total loss current in each 
case. 

The amount of free ionization in the air has often been sug- 


- gested as having an influence on the corona-forming voltage. 


The author has already shown several reasons why this cannot 
be so, among them being the cessation of corona with the decreas- 
ing voltage of each half wave, the cessation of corona at the 
same voltage at which it starts, and the independence of the 
corona voltage of the ionization about the wire, set up by 
Roéntgen rays. A simple experiment bearing further on this 
question was performed as follows: 

A clean copper wire 0.157 cm. in diameter centered in a 15.2- 
cm. tube started corona at 58.5 primary volts. This wire was 
then enclosed successively in thin paper tubes of 2.54-cm., 1 .27- 
cm., and 0.95-cm. diameter. These tubes were slightly longer 
than the outer cylinder and were insulated and held accurately 
concentric by means of three silk threads at each end. The 
tubes were made of tracing paper cut in long strips and spiralled 
so that when suspended horizontally from the ends there was no 
observable sag at the middle point. Ions in the region outside 
these tubes would therefore be prevented from reaching the wire, 
and if these ions have any influence on the corona voltage 
we should expect an elevation of this voltage when the wire is 
screened as above. No change in the corona voltage was ob- 
served when the largest tube was in place. In the case of the 
smaller tubes the corona voltage was lower by 1.5 to 2 volts 
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than when the tubes were not inserted. In this experiment 
the number of ions in the neighborhood of the wire is lower 
when the paper tube is in place, since the tube prevents the 
ions moving under the influence of the electric field, from reaching 
the central wire. Consequently we should expect an elevation 
instead of a lowering of voltage, if the presence of ionization 
facilitates the formation of corona. The lowering actually ob- 
served is probably accounted for by the increased gradient near 
the wire due to the presence of the thin layer of paper of higher 
specific inductive capacity than the air. It may be concluded 
from the experiment that the ionization in the air at a distance 
from the wire has no influence on the corona-forming voltage. 

The properties of the ionization emanating from the central 
wire were also investigated further by a return to the apparatus 
with solid outer cylinder 18.6 cm. in diameter. A small slit 
cut in this cylinder was placed opposite a like opening in a 
large closed box as shown in 
Fig. 5. Aninsulated electrode 
connected with the electro- 
scope could be shifted to 
various positions in the box. 
It was found that the electro- 
scope was discharged slowly 
when the electrode was placed 
anywhere in the box but far 
more rapidly when the elec- 
trode was located on thel ine passing through the corona and the 
opening in the box. The rate of discharge falls off as the elec- 
trode is moved away from the opening but may readily be 
detected at 30 cm. or more. 

Glass or the thinnest tissue paper placed over the opening 
completely screens the electroscope from any influence of the 
ionization. Further, ifa screen of paper is suspended by threads 
in front of the opening it is blown away with increasing force 
as the voltage is raised above that at which corona starts. Below 
this voltage there is no effect on this paper screen. 

The above results show that there is a distinct motion of 
air away from the corona. That this air carries both positive 
and negative charges. That it tends to move in straight lines, 
but that it diffuses or scatters in all directions away from the 
central beam. Any material obstacle will completely stop this 
motion. These facts are in accord with the ionization theory 
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and the phenomena may be identified in all respects with the 
well-known properties of gaseous conduction. Some further 
discussion of the results will be given at the end of the paper. 


DIAMETER OF THE CORONA 


Visual Method. When formed on a perfectly smooth clean 
wire, the corona presents a uniform appearance. ~While the 
boundary is not sharply marked, from a short distance there is 
quite a suggestion of a uniform diameter. The slightest surface 
imperfections, however, are indicated by variations in color 
and diameter of the corona. On small wires the core of the 
corona has the pink tinge characteristic of other forms of electric 
discharge in air, shading off to violet of lessening intensity 
towards the boundary. On larger wires the region at the sur- 
face of the wire does not appear so bright or dense, but there is 
a constant play of intermittent thread-like sparks from the 
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Fic. 6—MertHop oF MEASURING THE DIAMETER OF THE VISIBLE 
CORONA. 


wire toward the boundary. There is quite a suggestion of trans- 
parency. Notwithstanding the gradual shading off in intensity 
toward the outer regions, the uniform corona gives a distinct 
impression of a definite diameter. It may be conveniently 
studied by the central wire and cylinder method, by cutting 
small slots in the cylinder, or by making the cylinder of wire 
mesh. With the cylinder connected to earth close inspection is 
possible. 

A number of measurements of the diameter of the visible 
corona were made following the direct optical method described 
in the first paper. The method is indicated in Fig. 6. A vertical 
slit S, 2 cm. wide, was cut in the horizontal outer cylinder of 
18.6 cm. diameter. A screen wide enough (1.9 cm.) to obscure 
the corona was attached to a cathetometer permitting its motion 
up or down in a plane close to the slit. With the eye at a pin- 
‘hole H, the screen was gradually moved upward from below 
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until the top edge of the corona disappeared, asin the position 
AB, then the screen was moved downward from above to the 
position A’B’, in which the lower edge was completely obscured. 
The width of the screen was 1.9 cm., the distance from the wire 
to the screen 9.8 cm. and from screen to eye 785 cm. These 
data permit ready calculation of the apparent diameter of the 
corona. The experiments were made with a 0.233-cm. diameter 
wire centered in an 18.6-cm. cylinder and the corona started 
at 23,250 effective volts. A number of determinations of diameter 
were made at several voltages. Only those at 32,500 volts will 
be given, as read on different days. 


TABLE I. VISIBLE DIAMETER OF CORONA. 0.233-CM. WIRE IN 18.6-CM. 
CYLINDER. 


Top Bottom Top Bottom Top Bottom 
70.85 72.16 70.88 72.27 70.94 72.2 
70.88 72.18 70.88 42.22 70.94 72.22 
70.85 72.18 70.95 72.16 
70.86 72.18 70.92 72.18 


Successive settings on any one occasion show a very satisfying 
constancy, but the results on different days vary somewhat. 
Thus the mean differences of the above sets are 1.32, 1.38 and 
1.25; these give a mean value of 1.31 with a maximum varia- 
tion of 5 per cent. The corresponding diameter of the corona 
is about 6.7 mm. From the rough experiment described in the 
first paper it appeared that the diameter of the corona was very 
nearly that of the solid conductor which would just begin to 
form corona at the voltage giving the corona whose diameter 
was measured. The present experiments, which were more 
numerous and made with greater care, indicate that this approxi- 
mation is not so close as suggested by the earlier result. The 
critical voltage of a conductor 0.67 cm. in diameter placed in 
an 18.6-cm. cylinder is about 37,000, whereas the voltage of 
the corona 0.67 cm. in diameter (on a 0.233-cm. wire) was, as 
stated above, 32,500. From this it appears that while the con- 
ductivity of the corona is high, there is nevertheless an appre- 
ciable loss in it. The experiments on the visual measurement 
of the diameter were not carried further. With practise and 
care quite consistent results may be obtained, but the following 
photographic results indicate that the visible corona probably 
does not mark the boundary of the region in which the air is 
breaking down. 
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Photographic Method. No extensive attempt to measure the 
diameter of the corona by photographic methods appears to 
have been made. Jona mentions the failure of his attempts 
in his paper before the St. Louis International Electric 
Congress in 1904. Such methods have properly been regarded 
with suspicion owing to the want in definiteness of outline, the 
importance of the time element in the exposures, the ultra- 
violet content of the corona, etc. The best possibilities of the 
method do not, however, appear to have been developed: In 
the present experiments careful cleaning of the wire has resulted 
in very uniform photographs, which while lacking definite lines 
of corona boundary nevertheless give the impression that this 
boundary lies within comparatively narrow limits. They are 
quite suitable for comparing the diameters corresponding to 
various voltages. 

Two types of lens were used. The first was a fine portrait Stein- 
heil of 13 cm. aperture and 30 cm. focus, which gives excellent 
definition, but which naturally does not transmit the ultra-violet 
end of the spectrum. The second lens was a Zeiss achromatic 
of quartz and fluorite, aperture 3 cm., focus 40 cm., and which 
transmits all wave-lengths down to 0.00018 mm. The corona 
was exposed through an opening 8 cm. long and 2 cm. wide in the 
18 .6-cm. cylinder, whose interior was coated with lamp black to 
prevent reflection. Some of the results are shown in Figs. 7 to 
12. Fig. 7 shows the influence of time of exposure; a, b, andc 
are exposures of one, two and three minutes respectively with 
the glass lens, of the corona formed at 32,500 volts on the 
0.233-cm. wire; the critical voltage for the wire is 20,750. 
The exposures were made in quick succession on the same plate, 
and all were developed and fixed together. This method was 
followed with all the exposures which are compared with each 
other. The exposure c has apparently the greatest diameter. 
On inspection under a glass, however, the plate shows that the 
limits of b and c are about the same, although c is naturally 
the denser. For comparative purposes, therefore, two-minute 
exposures were used. Fig. 8 shows the coronas on the saine 
wire at 22,500, 27,500 and 32,500 volts respectively with one- 
minute exposures, and Fig.9 the same with two-minute exposures. 
Corrected to actual size the diameters of the coronas at the three 
voltages as taken from the two-minute exposures are 5.5 mm., 
9.3 mm. and 11.1 mm. respectively. These diameters mark 
the limit to which the emulsion of the plate is affected, as ob- 
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served under a strong reading glass. Obviously the values are 
therefore only approximate. However, four independent obser- 
vations of exposure c resulted as follows: 10.9, 11.1, 11.2, 
11.2, giving the mean 11.1 mm., and indicating an inaccuracy 
of only 2 or 3 per cent. By the direct visual method the diameter 
of the visible corona under the same conditions was 6.7 mm. 

A number of exposures were then made with the quartz- 
fluorite lens. Owing to the smaller aperture the exposures were 
much longer, from 20 to 40 minutes. In order to secure a direct 
comparison between exposures with and without the ultra- 
violet content, one half of the plate was screened with a thin 
piece of clear glass which does not transmit the ultra-violet. 
Some of the results are shown in Fig. 10, in which the exposures 
were 20 minutes long; the exposures a, b and c were taken with 
32,500 volts on wires of diameters 0.232, 0.316 and 0.399 cm. 
respectively. The transverse bands of lesser intensity are due 
to two strips across the opening in the wall of the outer cylinder, 
to prevent possible distortion of the uniform electric field. The 
broader portions to the left on each exposure give the effect 
of the entire visible spectrum with ultra-violet added; the 
narrower right-hand portions show the effect of cutting out the 
ultra-violet with a piece of ordinary plate glass. The diameters, 
as measured from the plates with the aid of a glass in the manner 
described above, are given in Table IT. 


TABLE II 


DIAMETERS OF CORONA, WITH AND WITHOUT ULTRA-VIOLET CONTENT. 
0.232-cm. wire 0.316-cm. wire 0.399 cm. wire 
Quartz Quartz Quartz Quartz Quartz Quartz 
and glass alone * and glass alone and glass alone 
12 12.4 12.5 13.3 11.4 13 
11.5 12.6 13 14 11.6 13 

11.5 12.6 13 14 12 12.8 
11.4 13 12.8 14 12 12.8 
11.6 12.6 12.8 13.8 1 12.9 


As stated above, all the observations in Table II were taken 
at 32,500 volts, which is well above the critical voltage for the 
largest wire. It is interesting to note that within the limits of 
accuracy (about 5 per cent) of the method of measuring the 
diameters, the coronas on the above three wires at the same volt- 
age have approximately the same diameter both in the visible 
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and ultra-violet. This fact has also been noted by Jona, who 
estimated from the appearance at a distance that several wires 
of different diameters subjected to the same voltage formed 
coronas of equal diameter. The diameter for the 0.232-cm. 
wire taken over 20 minutes is seen to be in fair agreement with 
that taken over three minutes with the glass lens. It is not 
probable that there are present any shorter wave lengths than 
those transmitted by the Zeiss lens. The presence of Réontgen 
rays has been suggested. To test this question a very sensitive 
plate was wrapped in one thickness of black paper, and placed 
directly against the opening in the outer cylinder. After 20 
minutes’ exposure the plate was found to be entirely unaffected, 
showing that Roéntgen rays if present must be in very small 
amount and degree of penetrating power. 

Fig. 11 shows two observations of interest. The first, a, is 
the corona on the 0.399-cm. wire at a voltage very slightly 
above the critical or corona-starting value. As transmitted 
through glass the corona shows little more than the outline of 
the wire. Through the quartz lens, however, without the inter- 
position of glass, the corona is seen to have a diameter over 
twice that of the wire. This is in accord with common obser- 
vation that the visible corona starts suddenly, and from the 
beginning appears to have an appreciable thickness. The repro- 
duction of the print from this negative is not very satisfactory, 
but the plate itself reveals the above fact. The other exposures, 
b and c, of Fig. 11 show a curious result for which no explana- 
tion has been found. The spiral form of the corona shown was 
observed and photographed several times with this particular 
wire. Between observations the wire (a 0.233-cm. steel rod) 
was removed, carefully polished, and examined for surface 
peculiarities. Nothing was observable under the microscope, 
but by reflected light the surface gave evidence of slight circum- 
ferential corrugations. Since these corrugations had no spiral 
they do not appear to be a complete explanation of the several 
photographs. The depth of the spiral and sharply marked 
threads is especially interesting in view of the extremely minute 
variation in the apparently smooth and uniform surface of 
the wire. 

Considering, then, these several methods of estimating the 
diameter of the corona we find that the visual method gives the 
smallest value. A photographic determination with the usual 
type of glass lens gives a diameter larger in the approximate 
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ratio 1 :1.6. With the ultra-violet down to 0.00018-mm. wave 
length included, the photographic method gives a further increase 
over the visible diameter in the ratio 1:1.9. The absence 
of Réntgen radiation suggests that there is little other radiation 
shorter than that transmitted by the Zeiss lens and therefore 
that the ultra-violet corona marks the limit of the region in 
which ionization is taking place. 

Fig. 12 shows a series of two-minute exposures with the glass 
lens of the corona on the 0.233-cm. wire in the 18.6-cm. cylinder 
at primary voltages 90, 100, 110, 120, 130 and 140 volts (ratio 
of transformation 1 : 250). The critical primary voltage was 86. 
The diameters were measured from the plate under a glass as 
described above. Corrected so as to include the ultra-violet 
by the factor 1.18 the diameters are plotted in relation to the 
primary volts in Fig. 13. Apparently the diameter increases 
sharply at the critical voltage, then __ ? 
more slowly, and finally inalinear > 
relation with the voltage. 


— 
Cc 


THE CORONA VOLTAGE OF SUB- 
DIVIDED CONDUCTORS 


Ral 
T 


DIAMETER:MM. 


One of the most interesting 
questions in connection with the ma 
formation of corona is the explana- an 1 
tion of the simple law given in the A.C. PRIMARY VOLTS 
second paper of this series, connec- Fic. 13—DIAMETER OF CoRONA. 
ting the critical surface potential 78% ¢™ Wire In 18-6-cm. tube. 
gradient and the diameter of the conductor. The ionization 
theory of gaseous conduction and discharge accounts for 
so many of the observed phenomena that it is practically uni- 
versally accepted. So far, however, the theory has not been 
brought into accord with all the phenomena of corona formation, 
and indeed some of the observed facts are in direct opposition 
to the tenets of this theory. As regards the influence of temper- 
ature and pressure observation and theory appear to be in accord. 
But the influence of the curvature of the conductor, and the 
apparent absence in corona formation of an influence of the 
amount of free ionization, remain to be explained. As regards 
the former various suggestions have been made, as for example, 
a condensed layer of air near the conductor, the concentration 
of ions under the strong electric field at the surface, etc., as sug- 
gested by the author. As between these two suggestions it 


1912} WHITEHEAD: ELECTRIC STRENGTH OF AIR 1107 


should be possible to draw a conclusion from the combination 
of a circular conductor and a field which is not symmetrical 
about it, provided the surface potential gradient corresponding 
to a given voltage can be calculated. For if a condensation 
layer is involved the critical intensity should be the same in the 
symmetrical and unsymmetrical fields, while if the density or 
motion of existing ionization is involved a difference in the 
critical intensities in the symmetrical and unsymmetrical cases 
would be probable. 

The following experiments were undertaken partly with the 
aim to distinguish between the two ideas above noted. They 
consisted in observations of the corona voltage of three or more 
wires in parallel arranged at the corners of equilateral figures, 
and symmetrically placed on the axis of the surrounding cylinder. 
It was also realized that in this arrangement the equipotential 
surfaces, proceeding outward from the central wires, would tend 
to approach the circular form; or in other words that the poten- 
tial gradient near the surface of one of the component wires 
corresponding to a given voltage, would be less with the multiple 
wire arrangement than with a single wire, owing to the influence 
of the other wires. Consequently several wires in parallel 
might require a higher voltage for breakdown than a single wire 
of section equal to that of all the others. The results of the 
experiments do not shed much light on the cause of higher 
critical intensities of small wires, owing to the difficulty of cal- 
culating the intensity corresponding to the various voltages 
observed. They indicate, however, that the air near a wire of 
circular section may require different values of electric intensity 
for breakdown. They also show an interesting relation between 
the critical voltage of a single conductor and that of three and 
four wires of equal aggregate cross-section, arranged in a sym- 
metrical figure and connected in multiple. 

The first experiments were made with three 0.152-cm. wires 
in the 17.2-cm. diameter wire mesh cylinder already mentioned. 
The wires were arranged at the corners of equilateral triangles 
with circumscribing circles of radii between 0.47 and 1.58 cm. 
The galvanometer was used as detecting instrument, the con-_ 
nections being shown in Fig. 1. The maximum primary voltage 
at which corona started was 105.6 for the triangle of radius 0.7- 
em. The corona voltage of a single 0.274-cm. wire which is 
approximately equal in section to the three wires used was 91.6 
volts. Thus the corona voltage for the three wires was 15.3 
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per cent higher than that of the single wire of equal cross- 
section. The ionization experiments in the first section of the 
paper and the curves of Fig. 4 show that the leakage loss due to 
the ionization resulting from the corona varies in the same way 
with increasing voltage for three wires as with one wire. 
Considerable difficulty was found in the foregoing experi- 
ments in maintaining uniform spacing and tension of the three 
wires. Further experiments were therefore arranged, using 
three 0.238-cm. steel rods hung vertically and each provided 
with individual screw thread adjustment of tension. They were 
placed in a 29.2-cm. cylinder in triangles of radii from 0.3 to 
2.54 cm. In these experiments the visible corona was used as 
detector of the critical voltage. The voltage was obtained from 


TABLE III 


CORONA VOLTAGES OF THREE 0.238-CM. WIRES IN PARALLEL, 
PLACED AT APEXES OF EQUILATERAL TRIANGLES. 


Volts 

Radius of Max. sec'y 

Conductor | triangle cm, Observed Corrected |Max. sec’y.| Factor} intensity 
0.238 cm. —— 26.7 25.8 | 33,300 —_— 59,800 
0.397 “ ——- 36.1 35.1 | 45,300 — 53,270 
0.412 “ —— (Calculated) 35.7 | 46,200 — 52,860 
0.476 “ ——- 40.7 39.6 51,100 — . 51,400 
3-0. 238 0.317 41.1, 40.6, 41.1 39.6 51,200 1.38 70,700 - 
s 0.634 42.7, 42.7, 42.6 41.5 53,700 : aa | 65,500 

ts 0.952 42.1,42.2, 41.6 40.7 52,600 1 Wee ly ¢ 61,500 

- 1.27 C8 a AR a ay 40.5 52,500 Pett 58,300 

: 1.58 40.9, 41 40.5 39.5 51,100 1.16 59,400 

L 1.90 39 , 39.7, 38.9 38.2 49,400 1.22 60,600 

< 2.54 38 , 38 37.5 37 47,850 1.3 62,500 


a 100,000-volt 10-kw. transformer fed from a generator excited 
from a storage battery and driven by a direct-connected motor. 
The voltage was read at the terminals of a low-tension secondary 
coil. The ratio of transformation was 1 to 833.36. The method 
of observation, carried out in a completely darkened room, was 
to increase the current in the generator field gradually until 
corona appeared as viewed through a small opening in the wall 
of the outer cylinder. The voltage was read simultaneously by 
a separate observer. The observations are given as taken, in 
Table III. In the fourth column the mean value is corrected to 
21 deg. cent. and 760 mm. pressure. The table also includes the 
results of contemporaneous observations on single wires of 
0.238, 0.397, and 0.476 cm. diameter. The nearest of these 
to a cross-section equivalent to that of three 0.238-cm. wires is 


oe 


A Re ee a ee 
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0.397; correcting the observation for the 0.397-cm. wire to 
the true cross-section indicates a value of critical volts 46,250. 
The observed critical voltage for the three 0.238-cm. wires has 
a maximum value for the triangle 0.63 cm. in radius. This 
value was 53,700, that is, an increase of 16.3 per cent over that 
of the single wire of equal aggregate cross-section. 

The observations of Table III, together with those of another 
series taken with the same wires, are plotted in Fig. 14 between 
test coil volts and radius of triangle. While the observations 
for any one arrangement were found to be very uniform, it 
will be noticed that the points do not fall at all regularly on a 
continuous curve. A large number of repetitions for different 
sizes of triangles failed to eliminate this trouble. The-explana- 
tion was fotind in the impossibility of adjusting the wires to 


VOLTS 


T—TSINGLE|.41 OM. | 


oe 


5 10 15 20 25 
RADIUS OF TRIANGLE:MM, 


Fic. 14—Corona VOLTAGE. 
Three 0.238-cm. diameter wires in parallel. 


uniform tension throughout the different sizes of triangle. It 
was found that the electrostatic repulsion between the wires 
caused them to spread apart in varying degrees. A number 
of light brass separators of triangular shape were used but they 
only lessened the trouble slightly. Each series of observations, 
however, resulted in showing that the critical voltage for three 
wires was invariably in the neighborhood of 16 per cent higher 
than that for the single wire of equal aggregate section and this 
maximum elevation occurred when the wires were at the corners 
of a triangle lying within a circle of 0.63 cm. radius as measured 
at the ends. This means that the wires were separated by approx- 
imately five diameters. The electrostatic spreading could not 
be determined but the actual separation was somewhat greater 
than stated. 

A series of experiments was also conducted on four 0.238-cm. 
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rods arranged in the figure of a square, the sizes of these squares 
being such as just to lie within circles of 0.635 cm. to 10.6 cm. 
radius, otherwise the apparatus, method of operation, etc., was 
the same as that described for the three wires. Separators 
were also used to reduce the electrostatic spreading. The obser- 
vations are given in Table IV, showing the variation of critical 
test coil volts with the diameter of a circle passing through the 
centers of the four wires. The critical voltage for a single 0.467- 
cm. wire which is equal to four 0.238 cm. wires is also given. 
These results indicate that the maximum corona voltage for 
the four wires occurs when they are arranged on a 3.3-cm. circle 
and that the approximate elevation of voltage for four wires 
above that of a single wire of equal section is 20 per cent. It 
will be noticed that the diameter of the circle giving maximum 
voltage is much greater for four wires than for three. 

The last three columns of Table III give, first, the secondary 
voltage, maximum value corrected for wave form; second, the 


TABLE IV 
CORONA VOLFAGES OF FOUR 0.238-CM. WIRES IN PARALLEL AND PLACED 
ON CORNERS OF SQUARES. 


Radius of 
3.17 3.81 | 5.08 


circle, cm. 


0.63 1.27 1.90 2.54. 


Volts 85.2 94.1 94.9 94.6 
Critical volts for single 0.476-cm. wires = 78.8 


95 | 92 | 90.5 


factors which multiply the maximum secondary voltage in 
order to give the maximum surface intensity on each wire, and 
in the last column, the values of this maximum surface intensity. 
The correction for wave form was made by referring the obser- 
vations on three sizes of single wire to formula (1) of the second 
paper of this series, connecting maximum critical surface inten- 
sity with the diameter of the wire. The method of calculating 
the factor given in the next to the last column will be described 
later in the paper. It will be noted that the last column indi- 
cates that the maximum intensity occurring on the surface of 
the wires decreases from 70,700 to a minimum in the neighbor- 
hood of 59,000 and then apparently begins to increase again. 
The critical surface intensity for a single wire of the same size 
as the three used is 59,500. It is apparent, therefore, from these 
results that the critical surface intensity is not necessarily a 
constant for a given size wire but depends in large measure on - 
the configuration of the field, due to neighboring conductors. 


— = es eee 
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It is further evident that by subdividing the total cross-section 
of a given conductor into a number of smaller conductors and 
arranging them suitably, the critical voltage may be raised in 
considerable amount. The simplest arrangement, that of three 
wires, results in an elevation of 16 per cent. It is open tosome 
question whether it would be possible to take advantage of 
these facts in actual transmission lines. It is quite probable, 
however, that the principle would be available in the case of 
solid and liquid dielectrics. It is also worth noting that a similar 
subdivision of the total cross-section of a transmission conductor 
has been suggested for the purpose of adjusting to best advantage 
the ratio of inductance and capacity of transmission lines.! 


DISCUSSION 


It is of interest to speculate upon the explanation of the excess 
positive charge due to corona near its start, and the change of 
this excess to the negative sign with higher values of alternating 
voltage. It has been noted that there is a difference in the corona 
for positive and negative continuous voltages and it is therefore 
not impossible that the corona may start at asomewhat different 
voltage on each half of the alternating wave. If we assume, as 
is practically certain, that the initial ionization is due to the 
collision between a molecule and a negative electron, we have 
a very probable explanation of the observed results. The elec- 
tron must attain its critical velocity when moving inward toward 
the wire, since the intensity of the field increases in that direc- 
tion. This being so the corona would start when the wire is 
positive; therefore the positive ions would be repelled. It is 
only necessary to assume a slight difference in the critical vol- 
tage for the two halves of the wave to explain the first appearance 
of the positive ion. Indeed, the fact that the negative electron is 
invariably the first ionizing agent and the additional fact that 
field increases towards the wire makes it certain that the first 
corona appears when the wire is positive. 

For increasing value of voltage, the corona forms on both half- 
waves and the charge reaching the outer cylinder is the resultant 
due to both half-waves. Negative ions move faster than positive, 
hence, when both half-waves are active, there will be an increas- 
ing excess of negative charge appearing. The relative behavior 
of the positive and negative excess may be seen from the curves 
of Fig. 4. : 

1. P. H. Thomas, Transactions A.I.E.E., 1909, Vol. XXVIII, I, p. 641. 
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Referring to the experiments with small paper tubes surround- 
ing the wires, the failure of these tubes to cause an elevation of 
the critical voltage apparently indicates that this voltage is to 
a large extent independent of the number of free ions in the 
atmosphere. It also shows that the suggestion that ions may 
bank up in the neighborhood of the wire, thus lowering the sur- 
face intensity, is hardly tenable as an explanation of the law 
expressed by formula (1) of the second paper, connecting critical 
surface intensity with diameter of the wire. In order to test 
this suggestion further, a calculation has been made of the low- 
ering of the surface intensity corresponding to a given voltage, 
caused by the attraction to the surface of all of the ions which 
commonly exist in the atmosphere. 

The greatest distance from which an ion will reach one wire 
subjected to alternating voltage may be conveniently investi- 
gated for the case of two parallel wires of radius r and distance 
D apart. If V is the instantaneous voltage and v is the specific 
velocity of an ion, that is, its velocity in cm. per sec. per volt per 
cm., we have: 


V 


Gradient at distance r = 7 
2 ff: log ay 


v Vocos nt 


velocity, v, at rat any instant ¢ = 


d 
2r log a 
In time dt, distance traversed, dr = oho cos mt dt 
2r log i 
. 2rdr =A cos nt dt; where A = — Vo 
log ee 


A 
2 =e } 
Ee 7 Sin nti +C 
Now v=o when V=O, and nt= — 


= —___. 2 


Se: Vo sin nt 


n log i n log 
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Thus r has its greatest value when nt = 5 
and is given by 7? = pet Maal + a? 
n log = 


From a set of experiments by Peek and Steinmetz in which 
a was 0.538 cm. and d was 304.8 cm., the visible corona voltage 
was found to be 157 kilovolts at a frequency of 60 cycles per sec. 
Taking the value of v, the velocity of the ions, at 1.5 cm. per 
sec. per volt per cm., the value of 7? is found to be 276. This 
means that, under the conditions of the observation, at the time 
the corona started every ion within a distance of 16 cm. from ~ 
the wire would be drawn to the surface of the wire between the 
zero and maximum values of any half-wave. Under normal 
conditions there are about 1000 ions to every cubic cm. of air, 
the range of variation being to about four times this number. 
The charge on each of these ions is 4.6 X 10-. With these 
figures in mind the charge per unit of surface resulting from the 
attraction of these ions to the surface may be calculated and the 
value of this charge is found to be 4 x 10* c.g.s. electrostatic 
units per unit of length. From this the value of the surface 
electric intensity due to this accumulated charge is found to be 
only from 0.5 to 2 volts per cm. or entirely negligible as com- 
pared with critical corona-forming intensity. We may conclude 
therefore that the attraction of the ions ordinarily existing in 
the atmosphere to the surface of the wire is not the explanation 
of the elevation of the critical intensity observed with smaller 
wires. 

Referring again to Table III it has been already stated that 
the last column gives the values of the maximum critical surface 
intensity occurring on each of the three wires for different sizes 
of triangular figure. These values have been obtained by multi- 
plying the maximum value of the critical voltage by the factors 


‘given in the next to the last column, and these factors have been 


deduced for an exact case to which the arrangement of three 
circular wires only approximates. The fact that the results 
show that the air breaks down at different values of electric 
intensity for a single size of wire is important in the indication 
it carries of the nature of the factors governing the breakdown. 
It is therefore necessary to examine the process by which the 
multiplying factors have been derived, and the degree of approx- 
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imation of the values of the last column of Table III to those 
actually obtaining. To do this it is necessary to examine the 
distribution of potential between the three circular wires and 
the outer circular cylinder. It is probable that an exact solution 
of this problem has never been attempted, but a close approxima- 
tion may be had by considering the potential due to three infi- 
nitely thin filaments located at the apexes of an equilateral tri- 
angle, each filament having the same and similar charge per 
unit of length. This case has been discussed very clearly and 
completely by Alexander Russell.2 He shows that the equation 
of an equipotential surface due to the charges on the three fila- 
ments may be expressed by 


78 — 2a3r3 cos 30 + a®-= 732 rq? ro? = AS (1) 


where r is the distance O P from the center of the equilateral 
triangle to a point on the equipotential surface (see Fig. 15); Ais 
the angle which O P makes with a line passing through O and one 
of the angular points of the triangle; a is the radius of the circle 
circumscribing the triangle; 71, 72 and 73 are the distances of 
P from the three angular points; and A is a constant which 
contains the value of the potential of the particular surface in 
question. When A is zero the curves reduce to the three points 
a, B, y. For small values of A the curves are ovals which ap- 
proximate circles enclosing the three points. For large values 
of A the equation represents a single curve enclosing a, 6 and y 
and which for increasing A approaches a circle. 

By Greene’s theorem we can replace any conductor by 
another surrounding it, provided that the surface of the outer 
conductor is an equipotential surface of the system of dis- 
tribution. Consequently if we replace the three filaments by 
ovals coinciding with the nearer equipotential surfaces, and 
replace any one of the outlying continuous surfaces by a con- 
ductor, we have a system which approximates three cylindrical 
conductors in triangular arrangement at the center of an outer 
cylinder. If the approximation is sufficiently close we may use 
the relation of the exact case for calculating the potential gra- 
dients at the interesting points of the arrangement using the 
cylindrical conductors and outer cylinder. Russell does not 
discuss this question further than to note that when the longest 
radius of an outer surface is equal to 2a the variation from true 


2. Russell, “ Alternating Currents.” Vol. 1, chapter IV. 
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circular form is less than 5 per cent. In the experiments described 
above, the greatest value of a was only one-sixth the radius of 
the outer cylinder. It may be shown by simple calculation that 
in the exact case the surface which passes through the point 
r = 6a,0 = 0, has 6a and 5.99a as its maximum and minimum 
values of r. Consequently the error in the use of a true cylinder 
for the outer conductor is only a small fraction of one per cent, 
1.e., negligible. 

The maximum values of potential gradient in the exact case 
as well as in the case of three cylinders will occur at the extreme 
outer points of the three conductors, 1.e., at the outer intersec- 
tion of a line drawn through the center of the triangle and the 
center of a wire section, with the circle or oval representing this 
section. The value of this potential gradient will vary with the 
length of sides of the triangle, that is, with the separation of the 
three wires. For the exact case the gradient at these points 
may be calculated as follows: The conductors are equipotential 
surfaces; if their potential be v1, the surfaces are given by 


1 =C— ss log (r§ — 2a’ cos 36 + a‘) (2) 


as 


in which C is a constant and 3 


is the charge on each of the three 


wires per unit of length. The value of ae corresponding to a 


potential v; of the three inner conductors and v2 of an outer 
enclosing cylindrical conductor of radius R is given by 


@ 
3 


since the capacity? per unit length between the three wires in 
parallel and the outer cylinder is 


3 
SAE Sapte age 
2 log TT 


At the point C, 9 = 0 and r is perpendicular to all the equi- 
potential surfaces. Therefore the maximum normal surface 
potential gradient is given by 

du g 675 —6a'?’ cos 38 


Or 3 P—2a3r cos3 0+ a (3) 


3. Russell, loc. cit. 
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In the experiments the outer cylinder was connected to earth. 
Thus the maximum normal surface intensity in volts per centi- 
meter, which occurs at the points r = c, 9 = 0, is given by: 


kes dv 2 V 6c° — 6a? C7 (4) 
dr se —a@ c—2ac+a’ 
2 16 Tt 


in which V is the maximum value of the voltage between the 
outer cylinder and the three wires. 
All of the above relations are deduced for the exact case in 


Fic. 15 


which the three inner conductors have their cross-sections of 
the oval shape shown in Fig. 15. Since the experiments were 
made with round conductors it is necessary to consider how 
closely the intensity as calculated by formula (4) will represent 
that occurring in the experiments. The nearest approximation 
to the exact case is that of round conductors which exactly 
enclose the ovals and which therefore have the diameter BC. 
A comparison of the radius of curvature of the oval at the 
points C, and the angle 28 subtended at the center of the triangle 
by the two tangents to the oval, with the corresponding quanti- 
ties for the circle, will give an idea of the degree of approximation. 
Both these quantities obviously are a measure of the rapidity 
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with which the maximum electric intensity at the extreme outer 
point will vary with the distance from that point along the sur- 
face. 

Both the radius of curvature p at the point C and the angle 
20, between the two tangents to the oval from the center, may 
be calculated from the equations of the curves by well-known 
methods and are given by 


(= a’) 


” b3 (2a? — 53) 
pr= Cc “Ga 2a} and: cos? 3.0 i= 3 


in which a is the a of the formulas for the exact case and is the 
distance from the center of the system to each of the three points 
which are the origin of the true system of equipotential surfaces 
of which the ovals are a particular example. Thus a is greater 
than a’, the distance from the center of the triangle to the centers 
of the three circles which take the place of the ovals. 


TABLE V 

a’ in. a’ cm. poval cm. p circle cm. 2 goval 2 @ circle 

e fe 2 Ey ee 
0.125 0.317 0.943 Q.119 SHC LGe 44° 
0.1875 0.476 0.1048 0.119 27°50" 29° 
0.25 0.634 0.1096 0.119 20°33’ 219377 
0.375 0.952 0.1158 0.119 14°4’ 14°24’ 
0.5 1.27 0.1162 0.119 
0.625 1.586 0.1165 0.119 | 8°24’ 8°36’ 
0.75 1.905 0.1176 0.119 | 
1 2.54 0.1178 0.119 


In Table V values of p and 26 for circular wires of 0.119 cm. radius 
are compared with those for the true ovals which the circles are 
assumed to replace. The table shows that the values of both 
pand 26 for the oval and the circle differ by very small amounts 
when the distance of the center of the wire from the center of 
the system is greater than 0.63 cm. The values of the multiply- 
ing factors of Table III have been calculated from formula (4); 
the value of a, the true center of the exact system of ovals, 
may be readily obtained from the radius a’ of the circle on which 
the centers of round wires lie, and the radius of the wires. 

Since the values of p and 26 above are greater for the round 
wires than for the ovals, the values of the surface intensities for a 
given voltage will be less than in the exact case. Consequently 
the values given in Table III are too high, particularly for the 
small triangles. It does not appear, however, that this error 
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is great enough to preclude the conclusion that the critical 
intensity for the three-wire arrangement is much higher for small 
triangles than that for one of the component wires alone; that 
with increasing radius of triangle the critical intensity decreases 
to the value pertaining to the size of the single wires; and that 
with further increase of separation the critical intensity appears 
to increase again. It appears from these results that the dis- 
tribution of the electric intensity is the vital factor in the rela- 
tion which obtains between the radius of a conductor and the 
critical electric intensity. Surface layers and condensation 
layers of high electric strength, often mentioned in vague terms 
to explain this interesting relation, have not the slightest founda- 
tion of experimental evidence. If, however, the theory of second- 
ary ionization is to account for the facts it must show that in the 
converging field either the mean free path of the electron is short- 
ened or that in some manner the gradient is less than that cal- 
culated from the geometrical configuration of the opposite con- 
ductors. 

The principal results of this paper may be summarized as 
follows: 

1. In the early stages of corona the carriers constituting the 
leakage current have the positive sign; with increasing voltage 
negative carriers predominate. Other peculiarities of the ioniza- 
tion arising from the corona are described. 

2. The variation of the diameter of the corona with the voltage 
has been shown by photographic methods. 

3. By dividing a circular conductor into three or more equal 
circular ones symmetrically placed the critical voltage may be 
raised 16 per cent for division into three, and 20 per cent for 
division into four wires. In these arrangements the maximum 
critical intensity for air is shown to have different values even 
though obtained at the surface of the same wire. 
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Discussion on “‘ Corona Losses BETWEEN Wires At HicH 
Vo.ttaces ” (Harpinc), “Tae Law or CoroNA AND THE 
DIELECTRIC STRENGTH oF Arr—II” (PrEx), anD “ THE 
ELectRic STRENGTH or Arr—III ” (WuitEHEAD), Boston, 
Mass., JUNE 25, 1912. 


John B. Taylor: Toward the end of Mr. Peek’s paper he 
speaks of the mechanical vibration of wires. The photographs 
reproduced in his paper, Fig. 41 and 42, I think are easily enough 
explained, that is, the wire is pulled first on one side, and then on 
the other, by electrostatic forces, and if the wire is approximately 
attuned to the frequency, closely enough so that it can be made 
to vibrate with that frequency, you have this characteristic of 
negative on one side and positive on the other. Mr. Peek speaks 
of the vibration noticed on a pair of 20-mil steel conductors, 500 
ft. (152 m.) long, strung at 10-ft. (3-m.) spacing, which I think 
must have been due to something of that condition. 

I saw that myself one evening. We were out to take some 
photographs, but on putting the voltage on, the wire would begin 
to sway, and after a while it swayed so much that the particular 
photographs we were after could not be taken, although we got 
some interesting photographs of this swaying. It was at first 
supposed it was due to some vibration of the towers, as we were 
pretty close to the towers, but on taking the voltage off it was 
found that the swaying stopped. On five or six different occa- 
sions the voltage was put on, and the wires began to swing at a 
slow period of about sixty swings a minute. Obviously, the 60- 
cycle attractions could not have had anything to do with this 
wire swinging in a one-second period, and just exactly what 
caused it is still a mystery, although my own opinion is that 
there was something on the power line, which was supplied by 
the circuit at that time, which caused a small variation in the 
voltage, which variation happened to fall in synchronism with 
the period of the wire, as it happened to be on that particular 
day. 

I do not know whether that has been observed on other occa- 
sions, but it seemed to me that the only way to explain the small 
vibration was that there was a small variation in the voltage of 
the circuit, which fell in with the period of the wire, although the 
voltmeters do not show any indication of the cause of such vibra- 
tion. I had a suspicion that it was due to an air transformer, or 
some similar apparatus, on the same line, which called for a little 
more current than was normally running on the line. 

In both of these papers we have a line of investigation some- 
what different from the early corona papers, different from the 
subjects and particular lines of investigations which were taken 
up in those papers. Most of the early investigators, I think, 
tried to get limiting values on which to plot the curves. Of 
course, that is in order to determine the loss, but I think investi- 
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gations like these are sooner or later going to show us a lot more 
about the real inherent nature of the corona, and, as in everything 
else, when we know just a little more about the whys and where- 
fores of it, we will be in a position to get around the limitations 
and reduce the losses. 

These observations are very interesting, and I think it is next 
in order to combine the quartz lens with the stroboscope, in fact, 
to use all the tools which are available to any scientific investi- 
gator, when you want to get right down to the things which are 
either too quick or too small to see, but are in any event beyond 
the range of our normal senses. 

A. E. Kennelly: The very interesting and important papers 
on corona this year have apparently reached a stage further than 
we reached last year. 

It seems now to be really agreed that the corona and power 
loss becomes a parabolic law, which goes up as the square above 
a certain critical voltage, and the interesting points presented 
here, outside of the confirmation of that law, are as to what may 
be the scientific characteristics of the phenomena rather than 
the practical characteristics. 

In the first paper of Professor Ryan, it appeared, according to 
his observations, that the increase in gradient on very small 
wires was inversely proportional to the radius, that is to say, 
the visible gradient was 30 kv. per cm., plus 10 divided by the 
radius, that is to say, a hyperbolic formula, approximately, over . 
a considerable range in his observations. 

As I understood it from Mr. Peek’s results, his recent obser- 
vations do not show that formula, but 30 plus g over the square 
root of the radius. 

Another interesting feature of Mr. Peek’s paper is his use of 
the stroboscope in obtaining pictures of wire in corona. Now I 
understand why we may have a physical basis for saying that 
electricity is red or blue, and having one conductor painted red 
and another blue—although the red in this case is negative and 
blue the positive. This is the reverse of the ordinary conven- 
tion, but at last we have a physical basis for the color. Is it to 
be supposed that the blue is due to the more active operation of 
negative ions and the red due to the heat produced by the heavier 
noetive ions, or is there any explanation for this difference in 
color? 

Mention is made in Mr. Peek’s paper that the appearance of 
the phenomenon is as though the blue electricity was streaming 
out from the positive wire into the surrounding space and received 
into the negative wire, as though the electricity was streaming 
out of the positive wire, and going into the negative wire, the 
kind of phenomenon we have in an electric current. Is it not 
possible that the phenomenon witnessed in the stroboscope may 
be called for by the negative electricity passing out of the air and 
then streaming into the positive wire? There is nothing in the 
stroboscopic picture to show whether the flow which appears 
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to take place is projected outward from the positive wire into the 
air, or from the air into the wire, and a few words on that point 
would be very interesting. 

In regard to Mr. Harding’s paper, it is interesting to see the 
agreement of his observations with those given by Mr. Peek, and 
one of the great values of Mr. Peek’s paper last year was the per- 
fect clearness of his formulas. There was no doubt as to what they 
meant. Attached to each formula was the unit in which it was 
written, and attached to each symbol was the meaning of such 
symbol, and we owe him thanks for that clearness and attention 
to detail. I think the great progress made this year is partly 
attributable to that fact. 

The agreement reached by Mr. Harding and Mr. Peek is very 
interesting. I would like to get Mr. Harding’s opinion as to 
whether the large correction for the rack is not a little dangerous. 
Would not it be safer to experiment with a smaller correction of 
this kind, to have a larger line and shorter racks, so as to have a 
small correction to subtract from the actual observed losses? 

C. P. Steinmetz: I wish to say a few words first on Mr. 
Harding’s paper, in reference to one conclusion contained in ‘it, 
and that is the quadratic law below the critical limit. These 
laws have first been derived as empirical laws. However, even 
an empirical law cannot be accepted as an approximation, 
unless it appears rational in its application. If you look at the 
curve of the quadratic law above the critical limit, you see that it 
points to a definite zero value at 30 kv. per cm. as the disruptive 
gradient, andisrational. But the quadratic law below the critical 
limit gives values which become negative at the higher spacing. 
This would lead to the conclusion that at the highest spacing, 
corona begins below zero, that is, it is there already at zero voltage, 
which obviously is not the case. In this case, therefore, it seems 
merely accidental that the points lie on an approximate quadratic 
curve, or rather that the quadratic curve is an approximation of 
some actual curve. 

Mr. Peek’s data a year ago did not give this quadratic curve, 
for losses near the critical voltage due to irregularity, but 
seemed to be best represented by an exponential curve. If 
you will look at this exponential curve, which contains the 
square of the voltage in the exponent, you will find that the 
first approximation of it will be the quadratic. However, the 
exponential curve would be only very approximate, because, 
while as the probability curve it is rational in applying to the ir- 
regularities on the conductor, it would only apply to those ir- 
regularities which are entirely irregular, but if there was some 
regularity in the irregularity, as, for instance, a ridge in the 
conductor, then there would be some regular arrangement which 
would disagree with the probability curve and give a quadratic 
curve of different constant. 

The two other papers, those of Mr. Peek and Mr. Whitehead, 
continue the investigations of last year, to a considerable extent, 
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mainly with the object of extending the range of application of 
the formulas given in the papers of last year. The papers of 
this year cover a wider range, and give a rationalization of these 
formulas, that is, they begin to give the theoretical and physical 
reasons why these formulas apply. The most interesting part 
is that these papers first give the separation of the alternating- 
current corona into two parts, the positive corona and the negative 
corona—Mr.Peek by photograph, by means of the stroboscope, 
and Dr. Whitehead by means of ionization. This is extremely 
interesting. As the positive and negative coronas are different, 
it appears probable that they also begin at different voltages, 
and, furthermore, that the losses at the positive and negative 
coronas are different. Now, look at what that means in engi- 
neering. It would mean, if the losses at positive and negative 
coronas are different, that there would be, if the line were per- 
fectly insulated, a unidirectional electrification on the line which 
would increase until the potential difference of the negative 
against ground would be so much higher than the positive against 
ground that it would make the losses of the two equal. 

There is mention made in the paper of a number of phenomena 
which show under certain conditions. There is a difference in 
the energy discharge in the air from the positive and negative 
coronas, and there would, therefore, be electrification on the 
line which should appear. It would mean, however, that if 
you could artificially produce the counter-electrification, by 
connecting unidirectional potential between line and ground, 
you should be able to extend the operating voltage, though 
possibly by a negligible amount only, before the corona losses 
appear. You see it is a very interesting field which is opened 
up here. 

I want to refer to one point more, regarding the statement 
made by Dr. Whitehead, that there is no evidence that the free 
ionization of the air has any effect on the corona and that there 
is no such effect. I do not believe there has been any test made, 
or any evidence given of such a nature, under such conditions 
that an effect of the free ionization of the air should be expected. 
Whether the free ionization of air is great or small, as long as 
there are any free ions at all the corona should appear at the 
same voltage, at the same potential gradient. The only differ- 
ence which the free ionization would make, or the only effect 
which it could have, would be rather in the rapidity with which 
the corona appears, in the time required to produce the corona. 
This free ionization of air could have an effect only on the»tran- 
sient corona, but not on the corona under permanent conditions, 
as in alternating circuit, where the free ionization of the air with 
which the corona at each half-wave starts is by necessity the 
same as the residual ionization of the preceding half-wave. 
So, there is_no evidence thus far brought forward that the free 
ionization of the air has no effect upon the appearance of the 
corona, and it would be interesting to take that matter up and 
make a thorough investigation. 
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C. Francis Harding: We have two distinct types of papers 
before us. My paper did not attempt to go into the causes of 
the phenomena, but simply to point out how very easily 
and correctly Mr. Peek’s results can be applied to practical 
transmission line design, and I want to second Dr. Kennelly’s 
congratulations to Mr. Peek for presenting his data in such form, 
particularly the formulas, that engineers in designing high-tension 
transmission lines can readily predict, with sufficient accuracy 
for practical purposes, the probable corona loss, and therefore 
the necessary spacing and size of cables to avoid such loss. 

With regard to Dr. Kennelly’s suggestions in reference to 
the large rack losses, I wish to point out one feature in the paper, 
namely, that the greater portion of these losses represented by 
the lower dotted curves are not on the rack itself, but on the 
lines connecting the transformer to the experimental transmission 
line, and were therefore largely corona losses on wires, although 
obeying some different law, possibly, than the corona losses on the 
transmission line itself, which could be controlled. I think if the 
feeder loss could have been reduced it would have been advisable 
to have done so. However, as I stated, the two dotted-line 
curves are not quadratics, and the curves which are expressed 
in the full lines, representing a subtraction of the other two 
curves, are quadratics, the points falling very accurately on the 
curves. It seems to me, therefore, that we are getting very 
satisfactory results by that method, even though the subtracted 
loss is relatively large. 

With regard to the suggestion of Dr. Steinmetz, this result, 
of course, is an empirical one, as he states, and the empirical 
data seemed to fall on a quadratic curve below, as well as above, 
the critical voltage, in this particular case. That does not mean, 
of course, that they will fall on quadratic curves under other 
conditions. The law below the critical voltage is, however, 
of little interest to the practical designer of transmission 
lines, and more attention has been paid to the curve above the 
critical voltage by investigators than to the portion of the 
curve below that voltage. However, the wires used were new, 
perfectly smooth wires, direct from the factory, and that fact 
might have had something to do with the coincidence of the 
points with the quadratic curve below the critical voltage. 

F. W. Peek, Jr.: From the formulas given in The Law 
of Corona—I, the corona characteristics of practical trans- 
mission lines can be accurately predetermined. While the pres- 
ent investigation is being carried on partly with the view of 
getting at the fundamentals of corona formation and loss, the 
engineering and practical side is always kept prominently in 
view. Many new practical data have been obtained, and it 
is hoped, also, that some steps forward have been made in the 
theoretical direction. 

The stroboscopic study has brought forth many interesting 
questions. Dr. Steinmetz has pointed out one of these, that 
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as the result of the different apparent starting points of corona 
at different halves of the wave the line would probably be grad- 
ually increased in potential of a given sign against earth. 

Referring to Dr. Kennelly’s discussion: The formula for 
gradient is 


gs = 300 ( iar Seed. ) 


Vor 

The other formula is not for corona starting point, but 
for apparent gradient, g,, at spark-over. It is true the 
stroboscopic photographs do not show the “ direction of 
flow;” one is simply given the impression, especially in the 
case of the point discharge, of, for instance, a steam jet dis- 
charging at the positive toward the negative. The statement 1s 
made rather as to the appearance in a descriptive or visual 
sense. More data on the direction of flow, etc., have been ob- 
tained, but are not as yet in form for publication. 

In Mr. Harding’s paper, it is very interesting to see 
that his results, on the whole, check so well my formulas 
of last year. There are one or two points with which I can 
hardly agree. One of them concerns the accuracy of the method 
of power and voltage measurement advocated by Mr. Harding. 
With a well designed transformer and exploring coil we found by 
actual test that the voltage as indicated by the coil is extremely 
accurate. Watts measured on the high side also always 
checked with watts measured on the low side when corrections 
were made for transformer loss. The spark gap is not suitable 
for voltage measurements of this sort, as there is a variation 
from day to day of as much as 15 per cent. If the exploring 
coil is not so placed in the transformer that it will measure the 
voltage correctly, it will not indicate the power factor correctly on 
the oscillograms. Thus by this spark gap-power factor method 
there are two chances of considerable error. Besides accuracy, 
the wattmeter method has the advantage of making a great num- 
ber of readings possible in a short time. The 2 A method of 
reduction of data is not especially applicable unless a consider- 
able number of readings is used. - 

It is generally difficult to make exact comparisons of loss as cal- 
culated by the formulas and loss measured on operating lines, 
because in most of these measurements all of the conditions are 
not given, such as variation of altitude along line, voltage rise 
at no load, temperature, etc. For instance, unless the effect 
of voltage rise along the line at no load is taken into account 
the measurements will show higher loss than the formulas. 
When these variables are considered as closely as possible the 
check is quite remarkable, as shown in Figs. 1 and 2, which give a 
comparison of curves calculated from formulas and readings taken 
by other investigators. The agreement would probably have been . 
more exact if all conditions, such as temperature at different 
points of the line, etc., were exactly known. A very interesting 
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check of the formulas is also given in a paper by Faccioli! before 
the N. E. L. A. on measurements of the 140,000-volt line of 
the Au Sable Electric Company. 

_ Dr. Whitehead has in his paper brought forth, as usual, some 
ingenious new experiments. I refer especially to the section 
on “ The Ionization Due to the Corona.” Such work as this 
adds greatly to our knowledge of the mechanism of the break- 
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down of air under dielectric stress. The stroboscopic photo- 
graphs which I have shown, as far as the investigations overlap, 
indicate much the same general results, such as different starting 
voltage of positive and negative coronas, etc. The stroboscopic 
photographs show a decided difference in the appearance of 


1. “Corona in High-Tension Lines ’’—N. E. L. A. Proceedings, June, 
1912. ; 
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corona on the positive and negative part of the wave. Further 
interesting data have been obtained as a result of the strobo- 
scopic study, but are not at the present time available for publi- 
cation. 

The manner in which the air density factor enters into the 
expression for visual gradient was predicted long before experi- 
mental data over a great range of 0 were obtained. The formula 
must take the form given if the energy theory of disruption 
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brought out in The Law of Corona—I is true. This is further dis- 
cussed in The Law of Corona—I1. The observed results in Tables 
I and II follow this law, but the data range is not great as Dr. 
Whitehead states. Other data further confirming this law were 
given in the data appendix to this paper, which appendix was not 
-printed. In the table here given, d is taken over a very great 


range. The check of the law is apparent without further’ discus- 
sion. 
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8v 
gv calculated from formula 
Fy observed 0.301 
ky./cm. gy ee ( ee ) 
s Vor 
0.023 3.3 3.47 
0.074 7.2 1.33 
0.116 9.7 9.90 
0.216 15.5 15.30 
0.38 Dam 23.20 
0.513 30.0 29.1 
0.667 36.8 86.0 
0.83 43.0 42.7 
1.02 50.9 50.3 
Radius of wire 0.254 cm. 


J. B. Whitehead: Mr. Peek has performed a most important 
service in carrying out his experiments on the influence of tem- 
perature on the starting of corona. This is a line of work which 
has been very much needed ever since we have been studying 
this phenomenon. With the facility which characterized his 
earlier paper, Mr. Peek has converted his various results into 
formulas, thus proposing several interesting laws. In discussing 
the effect of the variation of the density of air on the critical 
electric intensity, Mr. Peek states that his results are explained 
if the density factor enters in both numerator and denominator 
of the expression for the critical intensity. Now, the results 
as plotted in the curves of the paper do not, I think, bear out 
that conclusion. If the density factor is used only as multi- 
plying factor and stricken out of the denominator, you will get 
a curve which is as good as Mr. Peek’s curve for the results given 
in the first table. The agreement is not, however, quite so good 
for Table II. But it should be noted that the real test of the 
formula lies in observations at low density where the curve 
departs from a straight line, and Mr. Peek has no observations 
in this region. I have discussed this with him and he tells me 
that many of the results have been stricken from the original 
paper by the Institute owing to limited publication space. It 
is very desirable indeed that in the proposal of a law so important 
as this, all the results should be given, and I hope that they 
may be obtained and published at some later time. To my 
mind they are more important than the development of the form- 
ulas expressing the results of sparking distances between water- 
and oil-covered wires. The conditions under which oil and water 
occur on the surface of wires are so varied and irregular, that 
it is questionable whether an empirical law will prove of any 
particular value. 

I believe, however, that the downward trend of the curves 
of Fig. 4 at low densities is correct. We have just completed 
some investigations in our laboratory, which will soon be in print, 
in which we have carried the pressures much further down than 
those described in my earlier papers and those reached in Mr. 
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Peek’s Fig. 4. We have shown, without question, the downward 
bend of the curves. The lines are nearly straight at values of 
density above one-half an atmosphere, making it very difficult, 
indeed, to predicate the law unless the pressure is reduced well 
below this value. 

Dr. Steinmetz has made a suggestion in the language of the 
ionization theory in possible explanation of the larger values of 
intensity at which corona starts on small wires. I hope this 
indicates a greater sympathy with this theory than he has shown 
in the past. It is now widely accepted by physicists and un- 
doubtedly offers better prospect than any other of an explanation 
of corona phenomena. He has, however, given the impression 
that my paper states that the presence of natural ionization in 
the air has an influence on the starting of corona. It must be 
evident to anybody who has considered the theory of secondary 
ionization that free ionization as it occurs in the air can never 
have anything to do with the starting of corona. Every com- 
ment I have made, and every experiment I have undertaken, 
has indicated that free ionization in the air has nothing to do 
with it. This fact is emphasized in the present paper because 
within the last year a paper has been presented before the In- 
stitute and discussed, in which it was maintained that free ioniza- 
tion has influence on the starting of corona. 

A. S. Langsdorf (by letter): Mr. Peek’s interesting and 
valuable paper has additional interest to the writer because the 
stroboscopic examination of the corona so fully described has 
anticipated a similar experimental study which he had planned. 
The idea that such a study might shed light upon the nature of 
corona formation around conductors subjected to alternating 
e.m.fs. was first suggested to the writer by an extended experi- 
mental study made by Professor Francis E. Nipher of Washing- 
ton University, the results of which have been published from 
time to time in the Transactions of the Academy of Science 
of St. Louis.2, Inasmuch as the results of Professor Nipher’s 
work are less well known to electrical engineers than their im- 

portance warrants, it seems desirable at this time to submit to 
' the Institute a brief summary of that part of his work and con- 
clusions which is of particular interest in connection with the 
present paper. 

_ All of the work referred to has been done with a large 8-plate 
influence machine, using discharge terminals of various kinds, 
but mainly (so far as present purposes go) the usual spherical 
brass knobs. Viewing the discharge in a darkened room under 
steady operating conditions gave results equivalent to a strobo- 
scopic examination of an alternating electric field with a fixed 
setting of the stroboscope. It is interesting to state that Mr. 


Peek’s photographs are in exact accord with those published in 
Professor Nipher’s papers. 

2. Transactions Academy of Sdenpe of St. Louis, Vol. XIX, Nos. 1 and 
4; Vol. XX, No.1; Vol. XXI, No. 3. 
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A long series of experiments involving the study of positive 
and negative discharges on photographic plates, which yielded 
many beautiful figures somewhat similar to the familiar Lichten- 
berg dust figures, taken in conjunction with other significant 
results, led Professor Nipher to the conclusion that the chief 
factor in all the phenomena involved is the negatively charged 
electron, and that the so-called positive ion consists merely of 
an atom that has been deprived of its normal store of electrons. 
This view is essentially the “ one-fluid ” theory of electricity. 
The figure traced on a photographic plate by a positive discharge 
always shows a characteristic tree-like pattern branching out 
from the positive terminal; or (and herein lies the key to the 
problem) it resembles much more the map of a river and its 
tributaries draining into the positive terminal. On the other 
hand, the figure produced on a sensitized plate by a negative 
discharge has a characteristic fan shape which leads irresistibly 
to the idea of a pressure discharge from the negative terminal. 
Looked at in this way, the influence machine takes on the aspect 
‘of a pump whose negative terminal is in a state of compression 
and whose positive terminal is in a state of rarefaction. This 
view, to the writer’s mind, is much more illuminating than the 
common one of a double discharge, positive and negative. 

Thus, imagine that the knobs of an influence machine, placed 
in a darkened room, are fully charged, the voltage being high 
enough to start the corona but less than sufficient to cause a 
disruptive discharge. The negative terminal, on the side facing 
the positive, will be surrounded by a thin layer of reddish light; 
the positive will be the apparent starting point of a tuft of bluish 
light (the positive brush) reaching toward the negative. As 
the voltage is increased, thin white streamers flash through the 
positive brush, the latter lengthens, thereby shortening the Fara- 
day dark space between it and the negative glow, until ultimately 
a spark passes. But before the final breakdown there are two 
distinct currents of air, one moving from the negative towards 
the positive, the other from the positive to the negative; this has 
been shown by means of a small windmill built entirely of mica 
and hard rubber. By the one-fluid theory this can be explained 
as follows: The air molecules in the immediate neighborhood 
of the positive terminal are partially drained of their negative 
electrons to supply the deficiency created by the “suction ”’ 
of the electrical pump; they then become “‘ positively ” charged 
and are repelled. Colliding then with neutral molecules, ion- 
ization takes place and the more remote molecule hands on its 
negative charge to the one nearer the positive terminal. Elec- 
trons are then traveling toward the positive, while their carriers, 
the positive ions or air molecules, are moving the other way, much 
as a runner might jump from cake to cake of floating ice. The 
jostling of the air particles is then responsible for the light of 
the brush discharge. At the negative terminal, on the other 
hand, the negatively supercharged metal passes on to the sur- 
rounding air layer some of its electrons, which then_travel across 
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the dark space (the air acting as carrier) to supply the deficiency 
at the positive end. In the dark space the air particles do not 
have the to-and-fro motion above referred to, hence there are 
no collisions and no light. is 

It is commonly believed that the formation of the positive 
brush in a direction from positive to negative is an evidence of a 
true positive discharge, instead of a negative discharge in the 
opposite direction as described above. But Professor Nipher 
points out that this observed motion, whose rate of propagation 
(in a long exhausted tube) has been found by Sir J. J. Thomson 
to be of the order of that of light, may be only an optical illusion; 
for instance, if the rate of recession of Niagara Falls were ex- 
tremely great, the river would appear to move up-stream, 
whereas the real flow is actually the other way. 

This theory of a negative “‘compression’”’ and a positive 
“‘ rarefaction ’’ satisfactorily explains a number of other observed 
phenomena. Thus, if the discharge knobs of a machine are set 
so that disruptive discharges pass freely between them, the in- 
troduction of a large sheet of copper between the knobs, and at 
or near the positive, will immediately suppress the sparking, 
whereas the same sheet placed at or near the negative will have 
no effect whatever. Since the average potential gradient is the 
same in both cases, this fact apparently points to the formation 
of corona at different potentials at the two terminals, the negative 
requiring the higher potential. 

Corroborative evidence of the suction effect at the positive 
terminal is furnished by any Geissler tube having a twisted form. 
The positive glow readily finds its way through all the intricacies 
of the tube in a way that is strikingly different from the obvious 
pressure discharge of a cathode stream, as in a Braun tube. 
Again, an X-ray tube with grounded anode and with its cathode 
connected to the negative terminal of a machine whose positive 
terminal is grounded, will work satisfactorily, whereas it will 
not work, or only fitfully, if its cathode is connected to the posi- 
tive, the negative end of the machine being grounded; but if 
the cathode of the tube is grounded and the anode is connected 
to the positive terminal, the results are as good as in the first 
case. In this connection the interesting suggestion has been made 
that the difference between positive and negative discharges in 
medical therapeutics may bear the same relation to each other 
as do cold and hot applications. 

It is interesting to note that Mr. Peek’s conclusions can be 
brought into accordance with the above theory by interchanging 
the words “‘ positive ” and “‘ negative ” in the sentence near the 
end of Section X—“ Stroboscopic Study of Corona’? in Mr. 
Peek’s paper (page 1091). This sentence would then read: 

“The stroboscopic study suggests that the corona loss is, in ef- 
fect, in the form of a ‘conduction’ across from negative to posi- 
tive, always starting from the negative conductor—thus starting 


alternately at each half cycle, first from one conductor, then 
from the other.” : 
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MEASUREMENTS OF VOLTAGE AND CURRENT OVER 
A LONG ARTIFICIAL POWER-TRANSMISSION 
LINE AT 25 AND 60 CYCLES PER SECOND 


BY A. E, KENNELLY AND F. W. LIEBERKNECHT 


It is the purpose of this paper to describe in detail a series of 
measurements of voltage and current over an artificial power- 
transmission line 1040 km. (646.2 miles) in length. Although 
it is readily possible to compute the behavior of such a length 
of line, when the linear constants are given, this is the 
first time, so far as the writers are aware, that actual observa- 
tions have been forthcoming on a laboratory model power-trans- 
mission line of more than about 200 km. (130 miles) in length.! 

The artificial line used in these measurements has been 
designed, constructed, and permanently installed, in the Grad- 
uate School of Applied Science at Harvard University.? It 
consists of a series of uniform reactance coils, with uniform 
condensers connected between them in derivation. The arrange- 
ment and connections of coils and condensers are indicated in 
Fig. 1. The total nominal length of line artificially imitated 
is 800 km. (nearly 500 miles) of three-phase line, star-connected 
to ground-potential neutral, as indicated in Fig. 2; or 2400 km. 


1. J. H. Cunningham, Design, Construction and Test of an Arti- 
ficial Transmission Line, Transactions A. I. E. E., 1911, Vol. XXX, 
I, page 245. This is described as a smooth, or distributed-capacity, 
single-phase line of 130 miles (209 km.) equivalent length of No. 1 B. 
& S. gage copper wire, R = 93.6 ohms, L = 0.394h, C=1.185 mf. 

2. See a preliminary description, ‘‘Artificial Power-Transmission Line,’’ 
by A. E. Kennelly and H. Tabossi. Electrical World, February 17, 1912, 
pp. 359-361. 
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(nearly 1500 miles) of single-phase line to ground-potential 
neutral, as indicated in Fig. 3. 

Smooth and Lumpy Artificial Lines. As is well known, there 
are two principal types of artificial lines; namely smooth 
lines and lumpy lines. In smooth lines, the linear constants 
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Fic. 1—D1I1AGRAM OF CONNECTIONS OF ARTIFICIAL LINE. 


are uniformly or smoothly distributed throughout; whereas 
in lumpy lines, the series impedances and the derivation admit- 
tances occur in alternatively successive lumps. The line here 
described is a lumpy line, with lumps of series impedance for 
80 km., alternating with lumps of derivation admittance for 80 
km. Lumpy lines have the electrical disadvantage that a lumpi- 


Fic. 2—CONNECTION OF SECTIONS WHEN OPERATED AS A 
THREE-PHASE LINE. 


ness correction-factor has to be applied to them depending upon 
the frequency; while smooth lines, although requiring no such 
corrections, are more troublesome to construct and to keep 
in good order. 

T-Lines and Il-Lines. Lumpy lines may be divided into 
two classes; namely T-lines, and II-lines. A T-line consists 


Lo 
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of sections each resembling a T, with a leak in the middle of 
the series impedance. A I[I-line consists of sections each resem- 
bling a ITI, with a leak at each end of the series impedance. Fig. 4 
shows a T-line, and Fig. 5 a II-line, each of four sections. It 


ca) 


Fic. 3—CONNECTION OF SECTIONS WHEN OPERATED AS A SINGLE- 
PHASE LINE. 


will be observed that when assembled, the only difference 
between a T-line and a II-line lies in the nature of the terminal 
elements. In a T-line, these are half-lumps of series imped- 
ance; whereas in a II-line they are half-lumps of derivation 
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Fic. 4—T-LIne. 


admittance. A T-line may thus always be converted into a 
II-line, or reciprocally, by the redistribution of terminal ele- 
ments only. The line here described is arranged as a II-line, for 
the reason that with impedance coils virtually consisting of 


Fic. 5—II-Line. 


over-wound wooden rings, it is not easy to obtain a terminal 
half-impedance without the awkward expedient of using two 
full coils in parallel; whereas it is easy to obtain a terminal 
half-admittance, by splitting a full condenser. 
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Impedance Models. In Fig. 6, if AB is an impedance model 
of any actual line, in the steady working state, to any single 
frequency of alternating current, such that the impedance 
of the model to neutral or zero potential is identical at either 
end A or B with that which would be measurable on the actual 
line, then it will be evident that if we connect an impedance 
Z, at the receiving end B, equal to that offered by a given load 
on the actual line, the steady distribution of pressures, currents, 
and powers over the model system will be identical with that 
on the corresponding actual system, for the same impressed 
voltage at A, except within the line A B itself, owing to the effects 
of lumpiness. Also, if we make the impressed voltage on the 
model 1/nth of that on the actual line, the currents in the model 
system will be 1/nth those corresponding on the actual system, 
and the powers in the model system will be 1/n? those cor- 
responding on the actual system. Thus, in the impedance model 


Fic. 6—IMPEDANCE MODEL OF A SINGLE-PHASE, SINGLE-WIRE 
LINE AND ITS RECEIVING-ENp Loap. 


or artificial line here considered, the voltage impressed on the 
generator end A was usually 100 volts r.m.s., the line being 
an impedance model of 1040 km. (646 miles) of an actual trans- 
mission line, and the impedance Z, at the receiving end being 
the impedance Z, = V;/I, ohms, that might well represent 
the actual load on such a line. Then if the working voltage on 
the actual line were say 100,000 volts star, or 1000 times greater 
than on the model, the current strength to be expected on 
the actual line would be 1000 times greater than that observed 
on the model, and the power on the actual line should be 
1,000,000 times greater than that observed on the model. 
Each milliampere of current observed would thus correspond 
to one ampere in the actual case, and each observed watt to one 
megawatt (1000 kw.) in the actual case. 

Impedance Coils. The impedance coils in the artificial line 
are all wound alike on wooden frames of standard dimensions, 
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as shown in Fig. 7. Each limb of the frame was wound with 1190 
turns, in seven layers of No. 19 A. W. G. double-cotton-covered 
copper wire, 0.915 mm. and 1.14 mm. (0.036 in. and¥0 .045 
in.) in bare and covered diameters. Each limb was soaked in 
molten paraffin wax after being wound. The junctions between 
the successive coils on each frame were all soldered on small 
terminal plates, TTT on the figure. The connections are such 
as to produce an approximately closed magnetic circuit, or con- 
tinuous direction of helical windings, in order to increase the 
self-inductance of each main frame winding, and to diminish 
the external stray magnetic field as far as would be conveniently 


Fic. 7—OUTLINE SKETCH OF ONE Cort. DIMENSIONS IN MILLI- 
METERS. 


practicable. Each main frame winding contains 5.6 kg. (12.35 
Ib.) of wire, and has a resistance of about 23.6 ohms at 15 deg. 
cent., with an inductance of approximately 90 millihenrys, or a 
time-constant of approximately 0.0038 second. 

Condensers. The condensers are of tinfoil and paraffined 
paper. Their capacitance is about 0.75 microfarad each, except 
the terminal condensers, which have half this amount. The 
capacitance and leakance of such condensers is known to vary 
slightly with the frequency.* Each condenser was mounted 
ratisnns dcp asidadephusss Difference of Paraffined Paper Con- 


denser as Functions of Temperature and Frequency,” by F. W. Grover. 
Bulletin of the Bureau of Standards, Vol. VII, No. 4, 1911, pp. 495-578, 
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ina tinned iron box 20 by 5.6 cm. wide by 14. 2cm. high (7.9 in. 
by 2.2in. by 5.6 in. high), the space between condenser and box 
being filled in with paraffin wax. 

Mounting of the Line Elements. The connections between 
impedance coils and condensers being as in Fig. 1, the coils 
were mounted successively at right angles to each other as 
shown in Fig. 8, so as to reduce their mutual inductance to a 
negligible quantity. A simple contact plug was mounted between 
each pair of impedance coils, as indicated in Fig. 12, so as either 
to permit of the line being opened at any point, or to permit of 
inserting an ammeter at the point by means of a split plug. 

The average electrical constants of the line elements are col- 
lected in Table I. 

Assuming that each line element, 7.e., each lump of impedance 
or admittance, represents 80 km. (49.7 miles) of actual line, 
the corresponding linear constants of the artificial line are given 
in Table II, with reference both to the wire-kilometer and the 
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t Fic. 8—PLAN AND SIDE ELEVATION OF ARTIFICIAL-LINE COILS. 


wire mile. Since, in general, a lumpiness correcting factor has 
to be applied to these values, depending on the frequency used, 
‘these linear constants are nominal linear constants. Neverthe- 
less, since the lumpiness correction-factor at the frequency 
of 60 cycles per second is only 1.0007 \0°.03, it is evident that, 
for all practical purposes, this lumpiness correction becomes 
negligible at or below this frequency. In general, the correc- 
tion factor increases as the frequency is increased. 

The linear constants will be found to correspond substantially 
to those of a three-phase aerial power-transmission line con- 
sisting of three No. 000 A.W.G. aluminum stranded conductors, 
of 1.195 cm. (0.47 in.) overstrand diameter, equidistantly 
separated to interaxial distances of 230 cm. (90.5 in). All of 
the results reported in this paper, therefore, refer to that type 
of transmission line.. As to whether more satisfactory results 
from any given standpoint might be obtainable with a modified 
type of line, having say a larger size of conductor, is a question 
not here raised. These particular linear constants were selected 
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in the design and construction of the artificial line, because they 
correspond to a well-known type of line in actual service, and 
it is believed that comparative results obtained on this type of 
line at different frequencies will be interesting and useful, whether 
the type could advantageously be modified or not. 

Length of Line Selected for the Tests. Tests have been made 
on various lengths of this artificial line at different times. Those 
here presented were taken on a length of approximately 1000 
km. (620 miles), or actually 1040 km. (646 miles). This repre- 
sents a 13-section single-phase line. The reason for selecting 
this particular length was that 1000 kilometers is not likely to 


TABLE I 
ELECTRICAL CONSTANTS OF ELEMENTS FORMING THE ARTIFICIAL 
LINE. 
Coils: 
Resistance of each main frame winding at 0 deg cent. 22.2 ohms. 
a “ “ “ “ “ “ 20 “ “ 24 , iL “ 
Inductance “ us . “ Ly 58 oS $ 0.09 henry. 
Time-constant “ e & E20 “ 0.00373 second. 
Condensers: 
Capacitance of each full condenser at 20 deg. cent 0.75 uf. at 60 c.p.s. 
Leakance & of - “ & a 9.7 pwmbho “ & 
Hyperbolic angle subtended by one II-section 0.108 /71°.5 hyp. a un 
TABLE II 


NOMINAL LINEAR CONSTANTS OF ARTIFICIAL LINE, TAKING EACH 
LINE-ELEMENT AS REPRESENTING 80 KM. (49.7 m.) OF WIRE. 


per wire-km per wire-mile 
Linear resistance r ohms at O deg cent............... 0.278 0.445 
- * = a LYE te A a ee re ee ea en 0.301 0.485 

See EMCO CATICS NT ICNLY S creacersicySarcvune ona icucio his sean Stare Lis: X. 1073 1.82 x 10-3 

€ CApacrbancerewaradss. sw <2 date eee aioe ete ates 9.38 x 10° 1.1. < 10° 


Spee led KATiGasCertamMOS ys cays cin ast sh nics johersnspelenecerenes ta ences 0.12: X 10-6 0.19 X 107 


be exceeded in the near future of power transmission engineering, 
and yet it may be conceded that the behavior of a 1000-km. 
single-phase line in one length, as representing one branch of 
a 1000-km. three-phase line, is not without practical interest. 
If say 2400 km. (1500 miles), the full available length, had been 
selected, the results might have been of academic rather than 
of practical interest. On the other hand, the behavior of lines 
up to say 500 km. (3800 miles) is today fairly well understood, 
from experience, among long-distance transmission engineers. 

_ Scope of the Experimental Inquiry. The 1000-km. artificial 
line was operated at the two industrial frequencies of 60 and 25 
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cycles per second, with and without load at the distant end. 
The potential and current were then measured at successive 
junctions, along the artificial line. The observed distributions 
of potential and current were then capable of being compared 
with those potentially obtainable on the corresponding actual 
line, under the assigned conditions. The measurements have 
thus a practical bearing, in so far as they correspond to actual 
line conditions, and also a theoretical bearing, in so far as they 
subject observations to theory. 


MACHINERY AND APPARATUS USED 


The three-phase alternating-current generator used in the 
measurements at 60 and 25 cycles per sec. was designed by Pro- 
fessor C. A. Adams, and hada 12-kv-a. rating. It was belt-driven 
by a d-c. motor. It is a six-pole revolving-field machine of the 
Lauffen type. The stator-armature distributed lap winding 
has a 4/5 pitch, and five slots per pole per phase. It gives a 
very close approximation to a sine wave of e.m.f., and only a 
very slight high-frequency harmonic ripple is found in the oscillo- 
gram of this wave. One phase only was used for operating 
the artificial line. An oscillogram of the wave form appears in 
Fig. 9. Since the current wave charging a 1.5-uf. condenser 
directly from 100-volt mains shows only feeble ripple deviations 
from the sinusoidal form, it follows that the voltage wave also 
appearing on the oscillogram must be a very close approxima- 
tion to a sinusoid. 

The operation of an artificial line at 100 volts impressed single- 
phase e.m.f. at the generating end, and say an inductive load 
of resistance and non-ferric reactance at the receiving end, is 
devoid of all the troubles due to switching, lightning, surges, 
rupture of synchronism, etc., to which an actual transmission 
line is subject. Moreover, the electrical distribution on an 
artificial line, using only a single frequency, is much simpler 
than that over a corresponding actual line, in which various 
harmonics are ordinarily present. None the less, the artificial- 
line distribution, after applying the proper lumpiness correc- 
tion, should imitate correctly the distribution that would be 
found on the corresponding actual line in the steady operating 
state, if the fundamental frequency existed alone. 

Alternating-Current Potentiometer. Both the voltage and 
current at successive junctions along the line were measured 
by a Drysdale alternating-current potentiometer. A pic- 
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Fic. 9—OSCILLOGRAM OF ONE WAVE OF VOLTAGE AND CURRENT FROM 
ONE DELTA PHASE OF ALTERNATOR USED THROUGHOUT TESTS. 
Effective voltage (r.m.s.) at time of exposure, 100.5 volts. 


Current 0.08 ampere max. cyclic amplitude, charging condenser of 1.5 microfarad at 
100.5 volts r.m.s. 
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ture of the apparatus appears in Fig. 10. As this apparatus 
has been fully described in technical literature, a detailed 
description here will be unnecessary. It may suffice to 
say that the instrument consists essentially of a regular 
direct-current potentiometer, with such additional devices as 
will enable it to be used for measuring voltages on alternating 
as well as on direct-current circuits, up to 1.8 volts at ter- 
minals. In order to effect this, the potentiometer is first 
balanced by a Weston standard cadmium cell, with a continuous 
current supplied from a storage battery of eight volts. The 
Weston milliammeter A is inserted in series with the slide wire, 
and should indicate just 50 milliamperes, when the balance is 
complete. With care, this standard current strength in the slide- 
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Fic. 10—ALTERNATING- AND CONTINUOUS-CURRENT POTENTIOMETER. 


wire circuit can then be reproduced, to a relatively high degree 
of precision, by the use of the milliammeter alone, and since 
the latter instrument is of the electrodynamometer type, the 
slide-wire current can be adjusted either for a direct-current or 
alternating-current supply of 8 volts r.m.s. By means of the 
transformer with rotatably adjustable secondary winding, 
and rotating magnetic-field primary, the phase of the 8 volts, 
delivered single-phase from the rotatable secondary, can be 


4. C. V. Drysdale: ‘‘ The Use of the Potentiometer on Alternating- 
Current Circuits, ’’ Phil. Mag., Vol. XVII, p. 402, March, 1909; also 
Proc. Phys. Soc., London, Vol. XXI, p. 561, 1909; also The Electrician, 
London, Vol. LXIII, p. 8, April 16, 1909; also J. A. Fleming’s ‘‘Prop- 
agation of Electric Currents in Telephone and Telegraph Conductors, " 
1911, London, p. 216, 
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adjusted to any desired value within say 0.1 of a degree, on the 
principle of a rotary-field induction voltage regulator. The 
rotating magnetic field in the primary is supplied by a split- 
phase arrangement from 100-volt single-phase mains. 

The switches S, and S») are for changing direct current to 
alternating current, and for changing from one measurable 
potential difference to another. 

The galvanometer used with alternating-current measurements 
may be any ordinary type of vibration galvanometer. The 
instrument, shown in Fig. 11, was usad at the frequency of 60 
cycles per sec. The vibrating magnet-mirror system is brought 


Fic. 11—TINSLEY VIBRATION GALVANOMETER. 


into tune with the alternating current to be measured by shift- 
ing the position of the soft iron magnetic shunts S, across the 
limbs of the flat permanent horseshoe magnet M, and so altering 
the controlling magnetic field intensity at the suspension. 

In order then to obtain, with the vibration galvanometer in 
tune, zero balance in a potentiometer measurement of an alter- 
nating-current voltage, it becomes necessary to adjust both 
the slide-wire reading, and the phase, by alternate successive 
approximations, so that the voltage is finally read off both as to 
magnitude and phase. The instrument thus measures vector 
voltages, or possesses the great merit of determining voltages 
in two dimensions at each measurement. 

The connections used on the line are indicated in Fig. 12, 
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By inserting a split plug into the single-plug contact piece 1, the 
current flowing through the second coil of the artificial line is 
led through a non-inductive standard strip of 0.1 ohm. The 
drop of potential on this 0.1-ohm resistance, as measured by the 
alternating current potentiometer, determines the current flow- 
ing in this section of the line, both in magnitude and phase. 


TO FOTENTIOMETER 


TO POTENTIOMETER OR 
STATIC VOLTMETER 


Fic. 12—ConnEcTIONS USED IN A SERIES OF MEASUREMENTS OF 
POTENTIAL AND CURRENT ALONG THE LINE. 


* 


The same contact piece is also connected to ground through a 
substantially non-inductive resistance of 100,000 ohms or more, 
and the potential drop over a small part of this resistance was 
measured by the alternating-current potentiometer, both in 
magnitude and in phase. 
Check Instruments. In order to provide a check upon the 
‘ potentiometer voltage read- 
ings, both as to magnitude 
and phase, an electrostatic 
voltmeter was used as indi- 
cated in Fig. 12, and two 
static voltmeter readings were 
successively taken at each 


100 VOLTS R. M.S. BETWEEN r , 
SENDING END AND GROUND junction; namely, one from 


Fic. 13—VoLTAGE TRIANGLE the junction to the ground, 
FOR DETERMINING THE VOLTAGE Nahe Other trom: tie junc- 


PHASE AT SUCCESSIVE JUNCTIONS 


tion to the sending end of the 
ALONG THE LINE. 


line. Since an alternating- 
current voltmeter was kept permanently connected between line 
and ground at the sending end, in order to insure the main- 
tenance there of constant impressed e.m.f. during a series of 
measurements along the line, a voltage triangle was obtainable 
for each junction. Such a triangle is indicated in Fig. 138, 
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where GO represents, to standard phase, the constant impressed 
e.m.f. between ground G and sending end O, of 100 r.m.s. 
volts. JO represents the IZ drop between the sending 
end O and any given junction J, or the static-voltmeter reading 
between O and J; while GJ = GO-IZ, is the potential from 
ground to this junction, or the static voltage as measured between 
the junction and ground. Keeping GO constant and measuring 
OJ as well as GJ, the phase angle of lag, a = OGJ, was subse- 
quently measured graphically on the drawing board by a large- 
scale construction. 

As regards checking the potentiometer readings of current, 
it was not practicable to check the phase, but the magnitude 
was checked by inserting an alternating-current ammeter or 
milliammeter in circuit with the resistance of 0.1 ohm at the 
split plug. It was found, however, that the impedance of any 
available good alternating-current milliammeter, of sufficient 
precision to constitute a check on the potentiometer observa- 
tions, was very large by comparison with 0.1 ohm. In fact, 
after a number of measurements had been taken with a check 
milliammeter in circuit, it was found that the impedance of 
that instrument seriously vitiated the results, and the measure- 
ments had all to be repeated without the milliammeter, except 
for special insertions and momentary potentiometer checks. 
This means that owing to the relatively high sensibility to alter- 
nating currents inherent in any good vibration galvanometer, 
an alternating-current potentiometer used as an ammeter is 
much more sensitive than an alternating-current milliammeter, 
since it only requires the insertion of 0.1 ohm into the circuit, 
besides giving a measurement of the phase as well as the magni- 
tude of the current. 

Static Voltmeters. Two types of static voltmeter were used; 
namely, a Kelvin multicellular voltmeter by White, with a 
scale graduated between 60 and 160 volts, and an Ayrton-Mather 
static voltmeter by Paul, with a reflecting mirror telescope and 
scale, reading from one volt up to 24 volts. For use with higher 
voltages, a substantially non-inductive multiplier resistance of 
300,000 ohms was applied as a leak to the line, and the drop 
across a fractional part was measured. Both these voltmeters 
were employed, but the Ayrton-Mather instrument was found 
to be considerably the swifter. Its suspension was sufficiently 
dead beat to come substantially to rest in 14.5 seconds, the 
period being 5.8 seconds and the Napierian log. decrement 1,46 
for a single vibration, or half cycle, 
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LINE FREE AT Distant ENp. ° FREQUENCY 60 CYCLES PER 
SECOND 

The first series of measurements on the 13-section or 1000- 
km. line, was with the distant end free, and 100 volts r.m.s. 
maintained at the generator end, with a frequency maintained 
steadily at 60.7 cycles per sec. The frequency was actually 
maintained close to this value by rheostatic control in the field 
circuit of the direct-current motor driving the alternator. The 
impressed voltage usually varied within one or two per cent 
from 100 volts during the measurements, but the observed 
readings of current and voltage at a junction were always re- 
duced by simple proportion to the condition of 100.0 volts at the 
generator end. 

Table III gives the distribution of potential and current over 
the line both as observed and as computed. The first column 
gives the number of the junction. Columns II and III give the 
distance of each junction from the receiving end, in kilometers 
and miles respectively. Column IV gives the angular distance 
of the junction from the receiving end in hyperbolic radians. 
Thus junction No. 2 is 1.189 /69°.7 hyps. from the receiving 
end. The potential at the junction is theoretically directly 
proportional to the cosine of this hyperbolic angl2, and the 
values so computed are set down in column VII. The observed 
potentials are given in columns V and VI, by potentiometer and 
static voltmeter respectively. The observed currents on the 
far side of each junction, 1.¢., at the mid-sections, are recorded 
in column VIII, as obtained by potentiometer. These currents 
are directly proportional to the sines of the hyperbolic angles 
at the mid-section points as given in column IV. The computed 
values appear in column IX. The only noteworthy discrepan- 
cies between observed and computed values in the table are in 
the phases of the currents at the more distant portions of the 
line. This is perhaps to be accounted for by the relatively small 
potential differences measured. Thus at the last midsection, 
the observed current was only 0.023 ampere, representing a 
drop of 0.0023 volt in 0.1 ohm, the inserted resistance. 

The results given in Table III are presented in magnitude 
only to rectangular coordinates in Fig. 14, in vector-diagram to 
polar coordinates in Fig. 15 and in perspective in Fig. 16, 
VVV is in each case the line of potential, and JIJ the line of 
currents. It will be seen that the voltage rises about 75 per 
cent at the far free end over that at the generator end and 
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lags 61 deg. behind the phase of the impressed generator 
end potential. The power given to the line is 
100 X 0.506 cos 41.9 deg = 50.6 X 0.7443 = 37.67 watts. 

If the generator end voltage were increased say 1000 times or 
to 100 kv., the current at the generator end would be 506 
amperes, and the power absorbed by the line 37.67 mega- 
watts (387,670 kw.), assuming no corona loss; 7.e., 36.2 kw. 
per km. (58.3 kw. per mile.) 
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Fic. 14—VoLTaGE, CURRENT AND PHASE RELATIONS ALONG LINE AT 60 
CYCLES PER SECOND AND No-Loap. RECTANGULAR CO-ORDINATES. 


LinE LOADED AT RECEIVING END witH 1865 Oums Non- 
INDUCTIVE, AT 60 CYCLES PER SECOND 


In order to represent a simple non-inductive load at the 
receiving end of the line, a non-induccive resistance of 1865 
ohms was connected to that end to ground, as shown in Fig. 6. 
The power delivered through this terminal load was 126.7 
volts X 0.0675 ampere = 8.554 watts. The power delivered 
under these conditions at the generator end was 100/0° volts 
X 0.398 /34°.7 amperes = 39.8 /34°.7 watts = 32.72 + j 22.66 
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watts; so that the efficiency of the line under this load was 
8.554/32.72 = 0.2614. The conditions along the line are 
presented in Table IV, where the columns are numbered beneath 
to correspond with those of Table III already considered. 
The angle subtended by the load is 1.508 /82° .6 hyp. radians, 


Fic. 15—CurvEs SHOWING PHASE RELATIONS OF VOLTAGE AND 
CURRENT FOR POINTS ON THE OPEN LINE. 


and this adds up to 2.896 /76°.4 hyp. radians at the generating 
end. The junction voltages along the lines are directly propor- 
tional to the hyperbolic sines, and the current strengths to the 
hyperbolic cosines of these angles. 

The distributions of potential and current along the line are 
presented to rectangular coordinates in Fig. 17, to polar co- 


ordinates in Fig. 18, and in perspective projection in Fig. 19. 


It will be seen that the receiving-end voltage is much less than 
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1912] ARTIFICIAL TRANSMISSION LINE 1149 
at no load, but is still 26.5 per cent above the generating-end 
voltage. The current strength entering the line ai the generating 
end is nearly six times as great as that entering the load at the 
receiving end. If the frequency could be reduced to zero, or 
to the continuous-current condition, still keeping the voltage 
applied at the generating end, the efficiency of the line should 
be 1865/2199 = 0.848. The line current would also be the 
same at each end, if negligible leakage existed. Consequently, 
the effects of distributed inductance and capacity at 60~, on 


(e) 
4 


Fic. 18—RELATIONS OF VECTOR VOLTAGE AND CURRENT AT 60.7 
CYCLES PER SECOND WITH Non-INpUCTIVE LOAD. 


1000 km. of this line, bring the line efficiency down to one-third, 
and raise the line current to six times the values corresponding 
theoretically to zero frequency. 


LINE LOADED AT THE RECEIVING END WITH AN INDUCTIVELY 
REAcTIVE LoapD or 1635/17°.1 OHMs, oR POWER- 
Factor oF 95.6 PER CENT 

In order to improve the regulation of the line, an inductive 
load of power factor 0.956 was applied at the receiving end. 
This load was composed of non-ferric inductance coils, since it 
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was desired to avoid introducing harmonic frequencies in the 
current by using ferric inductance coils; i.e., inductance coils 
with iron cores. The results are given in Table V.. The power 
delivered at the receiving end was 


121.0 /0° wolts x.0.0742 \17° 1 = 8.978 \17°.1 watts 

= 8.582 — 7 2.64 watts, or 8.582 watts of active power, and 
2.64 watts of reactive power. The power at the sending end 
of the line was 

100 /0° X 0.384 /37°.6 = 38.4 /37°.6 watts = 30.43 +7 23.43 
watts. The efficiency of the line was thus 8 .582/30.43 = 0.282, 
or slightly better than on non-inductive load. The angle sub- 
tended by the load was 1.445 /82°.5 hyp. radians, and that 


Fic. 19—LinE Non-INpDuUCTIVELY LoApED—60 CycLES PER SECOND 


at the sending end of the line 2.832 /76°.2 hyp. radians. As 
before, the junction voltages are directly proportional to the 
hyperbolic sines and the current strengths to the hyperbolic 
cosines of these angles. 

The distributions of potential and current along the line with 
inductive load are presented in Figs. 20, 21, 22, to rectangular, 
polar, and perspectively projected, coordinates, respectively. 
It will be seen that the distant-end voltage is 121 volts as against 
126.6 volts with non-inductive load; or the regulation of 
voltage is somewhat improved by the reactance in the load. 
If this reactance could conveniently have been increased and 
the power factor further lowered, the improvement in regulation 
would have been still better. 
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TEsTs AT 25 CycLEs PER SECOND. LINE FREED AT FAR END 


The same 13-section 1040-km. artificial line was operated at 
25.4, instead of at 60.7, cycles per second, both at no load and 
at non-inductive load. The results are recorded for the no-load 
case in Table VI. 

It will be seen that the measurements were not made in this case 
with the alternating potentiometer, as at that time the writers 


TABLE. VI, 


DISTRIBUTION OF VOLTAGE AND CURRENT OVER THE LINE AT 25.4 
CYCLES PER SECOND FOR NO-LOAD CONDITION OR DISTANT 


END FREE. 
Potentials at junctions, volts Currents at mid-sections 
ra] amperes 
9 Angular 
5) distance from Observed by Observed Computed 
ei receiving end static voltmeter Computed by am- 
S Hyps. r.m.s. volts r.m.s. volts meter 
Mag- Mag- Mag- Mag- 
nitude Phase nitude Phase nitude nitude Phase 
0 | 0.767 |/57°.4) 100.0 \0° 100.0 Ee 0.1666) 0.173 Vibes 
1] 0.708 s 101.1 We2canl 101.1 N22 S37; 
= Ont52) 0s 55 Li0°.5 
2) 0.649 us 102.3 Nera oe 102.1 Neon 
Lee, 0.139 | 0.141 | /69°.8 
3 0.590 & 103.4 WEZLA0 103.2 \ ifs} 
ae 0.124 | 0.128 | /69°.2 
Ae Ovo oS 104.6 90 104.3 9°.2 
i. OVE {| SORtL5 /68°.8 
5 | 0.472 2 105.7 NGO T7 105.4 10°.8 
Panes 0.100 | 0.101 /68°.1 
6 0.413 a 106.9 Ce 106.4 Ni2"2 2 
ee | ae 0.086 | 0.090 | /67°.7 
7 OFS 54 = 108.0 TS a2, 107.5 13°.4 
e or 0.076 | /67°.3 
8 | 0.295 s 108.6 \14° 2. 108.3 14°.4 
: be Eg te Ae | A ieee oe 0.062 /66°.9 
9 | 0.236 Md 109.1 \i52.0 108.9 NEbieno: 
eee 0.048 LOG a. 
10 0.177 ms 109.4 \15°.6 109.5 NL SISS9 
: v16* 0.034 /66°.6 
0.118 “3 109.7 16H 109.9 Bene 
pe | x AIS at 0.021 /66°.4 
12 | 0.059 eet LOMO: \16°.4 110.1 \16°.4 
Sse i 0.007 /66°.4 
LS)" 0) C TM Ose selh NGI RGy f 110.5 NIG 285: 0.0 0.0 
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had not found how to tune the vibration galvanometer for the 
reduced frequency, actually a very simple matter. The volt- 
ages were all measured by the Ayrton-Mather static voltmeter, 
and their phases by the graphical method indicated in Fig. 13. 
The currents were measured only by ammeters. 

The distributions of potential and current over the line are 
shown in Figs. 23, 24 and 25. It will be seen that the Ferranti- 
effect multiplier is only 1.10 at this frequency, instead of 1.74 at 
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60.7 cycles per second. That is, the rise of potential at the distant 
free end is only 10 per cent. 


LINE LOADED AT DISTANT END, NOoON-INDUCTIVELY WITH 
2000 /0° Oums, 25 CycLes PER SECOND 


The same 13-section artificial line was loaded with 2000 /0° 
ohms at the receiving end, for a frequency maintained at 25.4 
cycles per second. The results are recorded in Table VII. The 


TABLE VII. 
DISTRIBUTION OF VOLTAGE AND CURRENT ON THE LINE AT 25.4 
CYCLES PER SECOND FOR THE CONDITION OF NON-INDUCTIVE 
LOAD 2000 /0° OHMS AT RECEIVING END. 


Currents at mid-sections 
Potentials at junctions volts Amperes 
Angular —— 
distance from | Observed by Computed ] 
receiving end | static voltmeter Ob- 
Hyps. served Computed 
| Magni- Magni- by am- 
tude Phase tude Phase meter | 
—E —————+—— _— 
0] 2.199 |/73°.5| 100.0 | \0° 100.0 | \0° 0.162 | 0.164 | /54°.9 
1 99.6 \22. 43 99.9 Yee? 
a 0.147 | 0.148 | /51°.8 
2 | 99.36 N51 99.2 \4°.8 | 
eng eee, Os13inj 0.1370 £492.35 
a 99.12 WARE: 99.1 V7.0 
. Fp Ni wr | 0.120 0.126 | /46°.8 
| 4 98.86 9°53 98.8 9°.2 
| : 2 at |} 0.110 | 0.116 | /44°.2 
ee) | 98.51 | \11°.09 98.8 \10°.9 
. ea Be mel he 0.101 | 0.105 /40°.8 
| 6 \" | 98.12 | \12°.83 98.5 NE PASR al) 
| ruet 0.088 | 0.094 | /37°.1 
is | 97.66 | \14°.33 97.7 \r4°.0 || 
97.1 \15°.5 97.5 | \15°.1 WE 
| 97.18 5°. a 5 
: eet > ay" 0.074 /26°.5 
9 | 96.68 \16°.6 96.8 \I6°.5 
| fa 389 0.065 [202.1 
10 | 96.10 |! \I7*.6 | 96.4% | \I7°6 
| : ie ee 18073 | 0.057 [AAO 
| 95.36 18°.6 ys : 
ae A Cty! | 0.052 | /0°.8 
| f enor : a 
12 | 94.22 | \19°.25 94.3 \i9°-0 0.048 129-2 
13 | 1.478 /si°.8 93.06 \19°.6 93.3 \19°.6 0.0467] 0.0468} \19°.6 


power delivered to th line at the generator end was 100 Ox 

0.162 /54.2° = 16.2 /54.9 watts = 9.32 + 713.25 watts; while 
the power delivered to the load at the receiving end was 
93.3 /0° x 0.04665 /0°=4.35 watts; so that the efficiency of the 
line was 4.35/9.32 = 0.467. The power factor of the line at 
the generating end was, by computation, 0.575, and the current 
strength entering the line at the generating end was 3.47 times 
the current strength entering the load at the receiving end. The 
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actual ohmic resistance of the line on the occasion of the test 
was 308.7 ohms; so that, if operated at frequency 0, 1.e., by 
direct current, the line efficiency would be 2000/2308 .7 = 0.866. 
The effect of the inductance and capacity of the line was there- 


Fic. 24—RELATIONS OF VECTOR VOLTAGE AND CURRENT AT 25.4 
CYCLES PER SECOND. DISTANT END FREE. 


Fic. 25—LINE FREE AT Distant END—25 CYCLES PER SECOND. 


fore to reduce the line efficiency to roughly one-half what might 
be obtainable theoretically, at the same voltage, with continuous 
currents. 

The distributions of voltage and current over the line are 
indicated graphically in Figs. 26, 27 and 28. 
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EQUIVALENT CIRCUITS OF THE LINE AT 60 AND AT 25 CYCLES 
PER SECOND 


_ In Fig. 29 the nominal II of the line is shown on the left hand, 

for the 13-section 1040-km. line, at the frequency of 60.7~. 
The conductor A B contains the actual series impedance of the 
line; namely 333.8 + 7 417.5 = 534.6 /51°.35 ohms. Each of 
the two terminal leaks AG, BG, contains half the actual shunt 
admittance; namely (0.0628 +7 1.845)10% = 1.846 x 10° 
/88°.05 mho. That is, half the capacity of the line is placed at 


each end, and its admittance indicated for the frequency of 
60.7~. On the right-hand side of the same figure is the equivalent 


Fic. 28—LineE Non-INpDucTIVELY LoapED—25 CycLEs 
PER SECOND. 


II of the line, or that particular II which behaves in all external 
respects like the actual line for this particular frequency. The 
series impedance A’ B’ becomes 176.9 + 7377.1 = 416.5 
/64°.87 ohms, and each shunt admittance A’ G’, B’ G’ , becomes 
(0.8357 + j 2.065)10-* = 2.092 x 10°/80.77° mhos. In order 
to ascertain how the actual line will behave at and beyond its 
terminals, under any assigned set of terminal conditions, such 
as 100 /0° volts at A’, and a load of 1865 /0° ohms at B, we have 
only to apply that load to the equivalent I and compute the 
results by Ohm’s law. The results check those obtained in the 
tables by other methods. The equivalent I gives, however, no 
information concerning the distribution of current and voltage 
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at intermediate points® along the line; because in the equivalent 
II, the fall of potential along the line A’ B’ is a vector straight 
line, and the current entering the line series-section A’ B’ at 
A’ is the same as leaves that section at B’. 

Similarly, Fig. 30 gives the nominal and equivalent IIs for 
the same line at 25.4~, except that owing to the combined effects 
of eddy currents and change of temperature, the actual ohmic 
resistance of the line was 308.7 ohms at 25.4 ~ and 333.8 ohms 
at 60.7~. 


APPLICATION OF RESULTS TO SHORTER LINES OF THE SAME TYPE. 


Although all of the observations recorded in this paper 
refer to a transmission line of 1040 km. (646 miles) in length, 


33,8 + j 417.5 = 634.6 / 51.35 w 176.9 + 7 377.1= 416.5 | 64, 87°w 
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they may be made applicable to lines of the same type of 
any length less than this, under the same impedance load at 
the receiving end. Thus, if we consider a line of 480 km. (298 
m.) in length, operated at the pure frequency of 60~, we find 
from Table III and Figs. 14, 15 and 16, that, under no load, the 
voltage at the far end would be 173.8 \61°.0 with 149.2 \51°.2 
at the sending end, a Ferranti-effect rise of 1.165 \9°.8. The 
charging current would be 0.28 /30° amperes at 149.2 \51°.2 
volts. With a load of 1865 /0° ohms, the voltage would rise 
along the line from 118 \48°.5 to 126.5 \63°.5 volts, and the 
current would be 0.23 /12° at the sending end. 

5. See Transactions A.I.E.E., 1909, Vol. XXVIII, Pt. I, p. 701; 


and ‘“‘ The Application of Hyperbolic Functions to Electrical Engineer- 
ing Problems, ’’ Chap. VII, Univ. of London Press, 1912. 
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SUMMARY OF RESULTS 


A single-phase artificial transmission line of 1040 km. (646 
miles) of an actually existing type has been operated experi- 
mentally at 60 and 25 cycles per second, with and without load. 
The results are directly applicable to any single star-branch 
of symmetrical three-phase transmission line. 

At 60 cycles per second, the no-load receiving-end voltage 
rose nearly 75 per cent above the sending-end voltage. With 
a non-inductive load, corresponding to 85 per cent efficiency 
in the direct-current case, the receiving-end voltage fell to 1.27 
times the sending-end voltage, the line efficiency being 0.26, 
and the sending-end current nearly six times the current arriv- 
ing at the load. On substituting an inductive load of power factor 


279.2 + j 206.3 = 347.1 [36.479 
B’ 


308.7+ j 187.4 = 361.1 [31.27°w 


°n 


°n 


= 0.767 [57.4° 


25.4% 


j.2196)10°9 7) 


(01815 + j 


+ 08092)10°37 
08092) 1078 


O= 0.767 | 57.4° 


+8145 X 10-3 [83,5397 
+8305 X 1073/80, 88 
+8305 X 10°3] 80, 88 


+8145 X 109 [83,639 7 
(1315 + j.8196) 10 


(«0917+ j. 


(0917+ § 


NOMINAL Fr \ G EQUIVALENT 7 Gq’ 


Fic. 30—NomINAL AND Eguivacent IIs or tar 1040-KM. ARTI- 
FICIAL LINE AT 25.4 CYCLES PER SECOND. 


0.956, corresponding to 82.4 per cent efficiency in the direct- 
current case, the receiving-end voltage fell to 1.21 times the 
sending-end voltage, the line efficiency being 0.28, and the 
sending-end current being five times the current arriving at the 
load. 

At 25 cycles per second, the no-load receiving-end voltage was 
10 per cent above the sending-end voltage. With a non-induc- 
tive load corresponding to 87 per cent efficiency in the direct- 
current case, the receiving-end voltage fell to 0.93 times the 
sending-end voltage, the line efficiency being 0.47 and the 
sending-end current being 3.5 times the current arriving at the 
load. 

Both at 60 and 25 cycles per second, the effect of applying the 
load at the receiving end was to reduce the current at the send- 
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ing end of the line, in the 60 ~ case about 20 per cent, and in the 
25 ~ case about 3 per cent. 

The measurements of voltage and current along the line in 
the different series were mostly made in respect to phase as 
well as in respect to magnitude. They have been found to 
check the hyperbolic-function theory of such lines within the 
limits of precision of the measurements. 

The results as tabulated for 1040 km. are available for any 
shorter length of this type of line, working from the receiving 
end, with a pure frequency of either 60 or 25 cycles per second. 

Great care has to be taken in all such measurements to keep 
the frequency constant and as nearly pure as possible. 


R 


Ardy | 
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APPENDIX 


A METHOD oF MEASURING LINE IMPEDANCE BY STATIC VOLT- 
METER IN THE ABSENCE OF AN A-C. POTENTIOMETER 


In order to measure the surge impedance 2 of a line, as well as 
its angle 0 at a given frequency, it is convenient to measure the 
sending-end impedance of the line, first Z;, with the line free 
at the distant end, and second Z,, with the line grounded or 
short-circutied at the distant end. It then follows that if the 
line is uniform 

zo = VZ; Ze ohms. 
and 6=tanh! VZ,/Z; hyps. 


Consequently, it is important to be able to measure the vector 
impedances Zy and Z, with a sufficient degree of precision. 

A convenient method is to impress a known voltage on the 
line at the sending end, after inserting a non-inductive resistance 
into the circuit, as shown in Fig. 31. Three voltages are now to be 
measured in succession, while the electrical conditions are 
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maintained as nearly uniform as possible, the frequency being 
carefully observed; namely, EZ, the voltage at generator ter- 
minals, E, the voltage drop across the non-inductive resistance 
R, and E, the voltage drop in the line. These three voltages, 
if plotted graphically, form a closed triangle, the sides of which 
being known, their relative phase displacements can be deduced, 
either trigonometrically or graphically. The eurrent in the 
resistance R being in phase with the voltage drop Ex, the im- 
pedance Z, of the line can be subsequently determined. In 
the general case, this method is a well-known species of the three- 
voltmeter test. It is, however, tedious to work out, since the 
triangle is ordinarily scalene, and can only be solved for phase 
angles by a relatively slow graphical or trigonometrical process. 
The improvement which the writers have found very convenient, 
and which is supposed to be new, consists in adjusting the resist- 
ance R, by successive steps, until the voltage drop E, on R is 
equal to the voltage drop EF, on 
the line. This means that the 
static voltmeter deflection on 
E, is the same as that on Fxs 
and also that the impedance 
Z,. of the line is numerically 
equal to the adjusted value of 
R. Since the voltage triangle a 
Ec, Es, E, or OAG, Fig. 32, is Fic. 32—PRroceEss FoR MEASuUR- 

: ? : : ING LINE IMPEDANCE, 
now isosceles, it will be evident : 
that the included angle 6 can be obtained without resorting to 
graphical construction from the relation 


cs, G.=. (fe/2)/ Ee. numeric 


The vector diagram OAG in Fig. 32 is a voltage diagram. If, 
‘however, we divide the sides of that diagram by Ip, the known 
current in the resistance R, and take the resistance R as of stand- 
ard phase, we obtain the diagram Oabg in Fig. 33, where R 
ds, to scale, the.adjusted resistance for balance, Z, is the imped- 
ance of the line, with an angle of 28. Both the effective resist- 
ance R, and the effective reactance X,, of the line, are thus 
determinable. 

The advantages of the improved method are: 

1. Simplicity of computation, without the necessity of plot- 
ting. . 


1912] ARTIFICIAL TRANSMISSION LINE 1163 


2. The direct evaluation of the magnitude Z, in the adjust- 
ment of R. 

3. The direct observation, through successive trials, of the 
degree of constancy of Z,, 

The test is taken first with the distant end of the line free to 
obtain Z;, and then with the distant end grounded, to obtain 
Zz. It is found, in practise, that if the frequency impressed 
on the line can be held constant, R can be adjusted to 0.1 ohm. 

A precaution is necessary in making this test, to avoid a cer- 
tain ambiguity which may present itself. The test, taken by 
itself, does not determine whether the angle 26 of the line imped- 
ance Z;, is positive or negative. Thus, if the voltage triangle 
OAG is inverted, as drawn in heavy lines on Fig. 32, then the 
impedance angle is positive as given in Fig. 33; but if the voltage 
triangle is erect, as drawn at O A’G, in broken lines, in Fig. 32, 


R ct Ru b 
Ce) 
B B 2B 
Zz 
=9 XL Ze 2 XL 
6 
e) R Cpe Rite cd: y 
Fic. 33—ProcrEss FOR MEAs- Fic, 34—Process FoR MEAs- 
URING LINE IMPEDANCE. URING LINE IMPEDANCE. 


then the impedance angle is negative, as given in Fig. 34. In 
many cases the known conditions of the line determine which 
of these two conditions exist. In some cases, however, it may 
not be easy to decide in advance which way the e.m.f. triangle 
will lie. In these cases an additional known reactance may be 
added to the line, or to the resistance R, and the test repeated. 
The disturbance set up in the triangle by the introduction of. 
the new reactance will have a visible direction, and will enable 
a decision to be arrived at as to the aspect of the original triangle. 

When an alternating-current potentiometer is available, the 
measurement of line impedance is made very easily, and without 
any ambiguity as to phase-angle sign, by observing both the 
impressed voltage and the sending-end current, as for example 
the values recorded in Table IV, at the heads of columns V and 
VIII. The ratio of these two values is, of course, the required 
vector sending-end impedance in ohms. 
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Discussion on “‘ MEASUREMENTS OF VOLTAGE AND CURRENT 
OVER A LonNG ARTIFICIAL POWER-TRANSMISSION LINE AT 
25 AND 60 CycLES PER SECOND ”’ (KENNELLY AND LIEBER- 
KNECHT), Boston, Mass., JUNE 25, 1912. 


Charles P. Steinmetz: I have practically nothing to add, 
because the paper is so complete and the experimental investi- 
gations given check so closely with what we should expect theo- 
retically, that the paper can be considered as one of those contri- 
butions which prove that our electrical engineering theory really 
is correct, that where, in practise, lines—whether artificial lines, 
lumpy lines, or distributed lines, are traversed by current, we 
find this current to be the same character as calculated by theory. 
A number of parabolic curves, as in Fig. 15, are given. Such 
curves have been advocated, based on theoretical assumption, 
but here you see they are reproduced from actual experience in a 
transmission line, showing that, at least in electrical engineering, 
theory and practise are identical. 

John Price Jackson: I have not had a chance, I regret to say, 
to digest the paper; but I want to suggest, as Dr. Steinmetz just 
did, that, as far as I have observed, men who are willing to de- 
velop principles and methods in a simple, clear manner, which is 
readily understandable, are apt to do much to advance the science 
they are engaged in—possibly more so than those who leave their 
deductions in a complex condition. Professor Kennelly has 
the habit of lucid and simple expression, and I believe that his 
paper contains many suggestions, clearly stated, which will be of 
use to the college investigators, and investigators in other fields. 

I would like to make a suggestion with reference to the printing 
of engineering data. The papers by Messrs. Harding, Peek, 
Whitehead, Ryan and others are making electrical engineering 
history. It seems to me that we could keep the original obser- 
vations and computations of the investigators on file, possibly in 
duplicate, in the Institute library, when it is impossible to pub- 
lish them in the TRANsaAcTions. They would then be available 
in future years, and might prove of great service to those who may 
wish to investigate the data in connection with the published 
papers, or those who may wish to undertake investigations bear- 
ing upon similar subjects. In fine, I hope that the Board of | 
Directors may see to it that all relevant original data that any 
author may wish to submit, in connection with those which are 
published in the TRANSACTIONS, are carefully bound, catalogued, 
and preserved in the Institute library in such a manner that 
they will be readily available to the membership for reference. 

Charles F. Scott: Dr. Kennelly’s paper is admirable in pre- 
senting in a clear, feasible way phenomena which, expressed in 
formulas, are pretty hard for the student to understand and in- 
terpret. The paper has been referred to by Dr. Steinmetz as one 
which proves or shows that our theories are correct. From an- 
other and more important standpoint, on the educational side, 
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this is an admirable means of showing what these formulas and 
theories really are and what they really mean. 

From the educational standpoint, I would like to ask Dr. Ken- 
nelly to explain the manner of using apparatus of this kind. Two 
or three students may make an extended investigation extending 
over weeks or months. That is very good, but in what ways can 
an apparatus of this kind be most usefully employed with a large 
class, or a large number of students who cannot make a long 
series of measurements themselves? 

John B. Taylor: I ask Dr. Kennelly in summing up to say a 
word about the choice of constants on this line, and whether 
he had any particular system in mind in laying it out. It seems 
to be a compromise between a telephone line and a power 
transmission line. I am interested to know if he expected to 
get anything for practical application, or whether his object was 
to construct something which would be useful for academic 
purposes. 

A. E. Kennelly: In regard to the last inquiry, we took the 
constants of an actual long transmission line and tried to dupli- 
cate them in coils and condensers. We had to do a good deal 
of experimenting, to accomplish that, but the results represent 
a practical transmission line, although not a transmission line 
suitable for such great lengths as 650 miles. This experimental 
transmission line is intended to have a maximum length of 1500 
miles. 

In regard to Professor Scott’s inquiry, it is true, as he says, 
that extended work upon such an apparatus can only be done 
carefully by a few men, but in regard to the use of such an appara- 
tus more generally by a larger class, it is readily possible to put 
sections each of three men upon such apparatus for a single after- 
noon. Perhaps forty men could be put upon the apparatus in the 
course of twelve afternoons, and in that way a class might get 
practical information, by careful measurements with static volt- 
meters and closely calibrated ammeters, of the distribution of 
pressure and current along such a line. a, 

One of the peculiar effects which is very significant and very 
interesting to the student who encounters it for the first time, is 
that when you free and then ground the distant end of a long line, 
you get more current when the line is free than when it is grounded, 
and that comes as a shock to the man who has been educated ex- 
clusively on Ohm’s law. 

In regard to the data of the paper, I might say that we had a 
great deal of difficulty in keeping down and eliminating the har- 
monics, and keeping both the frequency and voltage constant. 
If the voltage overleaps a little, or if the frequency overleaps a 
little, you get complex effects at the distant ends of a long line. 
It is necessary to keep these things constant. 


A paper presented at the 29th’ Annual Con- 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 25, 1912. 
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ELECTROLYTIC CORROSION OF IRON BY DIRECT 
CURRENT IN STREET SOIL 


BY ALBERT F. GANZ 


The electrolytic corrosion of iron when exposed to an electric 
current leaving the iron in damp soil has already received a 
great deal of attention and is a matter of very great practical 
importance. Stray currents from direct-current electric rail- 
way systems employing the running tracks as return conductors 
frequently reach underground piping systems and cause cor- 
rosion by electrolysis. There has been some question as to 
whether or not the weight of iron oxidized or destroyed under 
the conditions existing on underground structures is equal to 
that calculated from Faraday’s law, on the basis of 1.044 grams 
of iron destroyed by one ampere-hour, and whether various 
kinds of iron are corroded at the same rate with the same 
amount of current leaving the iron to pass to damp soil; and 
certain classes of iron have been claimed to resist elec- 
trolytic corrosion. Some have also believed that with very low 
current densities the amount of corrosion produced is less than 
the theoretical amount. 

It has been shown that under some laboratory conditions 
iron assumes a passive state where the actual amount of cor- 
rosion produced is less than that calculated by Faraday’s law, 
but it has not been shown that such conditions exist in the case 
of underground structures buried in street soils. The subject 
of electrolytic corrosion of iron is, however, so large and there 
are so many possible variations that a complete investigation 
covering every possible phase of the subject is impracticable 
in any one series of tests. In a recent paper,’ Mr. J. L. R. 

1. ‘‘ Electrolytic Corrosion of Iron by Direct Current’, by J. L.R. 
Hayden, Journal of the Franklin Institute, October, 1911. 

1167 


1168 GANZ: ELECTROLYTIC CORROSION [June 25 


Hayden describes some laboratory experiments dealing admir- 
ably with the problem of the electrolytic corrosion of iron in 
various laboratory solutions when subjected to large current 
densities. The current densities used by Mr. Hayden ranged 
from 0.21 ampere per sq. ft. (2.25 amperes per sq. m.) to 3.35 
amperes per sq. ft. (36 amperes per sq. m.). Mr. Hayden found 
that with a number of electrolytes, particularly with certain 
nitrates and with bichromates, much smaller amounts of cor- 
rosion were produced than the theoretical amount. In all of 
these cases, however, the greatest deviation from Faraday’s law 
was found with the largest current densities. With chlorides 
and sulphates Mr. Hayden always found an amount of corrosion 
corresponding to the theoretical value. As Mr. Hayden has 
pointed out in the paper, his tests were made with laboratory 
solutions and not with street soils. The lowest current densities 
used by Mr. Hayden are also from 10 to 100 times greater than 
the densities with which currents are found in practise leaving 
underground structures. The tests described in Mr. Hayden’s 
paper, while exceedingly valuable, do not therefore necessarily 
warrant any conclusion as to what will happen to pipes buried 
in street soils when subjected to stray electric currents. 

The experiments described in the present paper were particu- 
larly designed to determine the relative rates of corrosion of 
various kinds of iron in two typical kinds of street soil, when 
subjected to such low current densities as are ordinarily found 
in practise on underground structures. Four sets of tests were 
made, each extending throughout 47 days, to determine the 
rates of corrosion of commercial steel, commercial wrought iron, 
ingot iron, and cast iron, and to compare the actual amount of 
corrosion with that calculated by Faraday’s law. It was at- 
tempted in these tests to approach practical conditions as nearly 
as possible. The tests were conducted in the electrical labora- 
tory of Stevens Institute of Technology, and the detailed 
results are given in the following: 


GENERAL DATA 


Two kinds of soil were used in the tests, which were obtained 
from street excavations near gas mains in Long Island City. 
One of these excavations was chosen where the soil appeared 
to be largely light sand mixed with some clay, and the second 
was chosen where the soil was heavy and dark and appeared 
to be a mixture of clay and loam. Several barrels of soil from 
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each excavation were obtained for these tests. To assure uni- 
formity of soil conditions all of the soil of each kind was passed 
through a fine mesh sieve and then thoroughly mixed in a large 
wooden box before being used in the tests. 

For the samples of iron, standard 11-in. (3.175-cm.) pipes 
were choseri, such as are used ordinarily for service pipes, and 
these pipes were of commercial steel, commercial wrought iron 
and ingot iron, each test pipe being about 18 in. (45.72 cm.) 
long. The first two tests were conducted with these three 
kinds of iron pipe. For the third and fourth tests cast iron pipes 
of the same size were added. 

The four sample pipes of each kind of iron used for the tests 
were placed in suitable test boxes. Each pipe was marked in 
the metal at one end with identifying numbers, and a hole was 
drilled and tapped at this end for convenient electrical con- 
nection. Two pipes of each kind were placed in clay and loam 
soil, and two pipes of each kind in clay and sand soil; one set 
of pipes was subjected to damp soil only, and the other set of 
pipes was subjected to damp soil and to an externally applied 
electric current. 

Before the tests were begun each pipe was thoroughly cleaned 
in a manner to be described in greater detail later, and was then 
weighed by two independent observers on a physical balance 
which responds to 10 milligrams. At the end of each test each 
pipe was similarly cleaned and again weighed on the same balance 
by two observers. From the difference in the weighings before 
and after the test the loss of weight was determined. The dif- 
ference between the loss of weight of any one pipe subjected 
to damp soil with external electric current and the loss of weight 
of the corresponding pipe subjected to the action of the same 
kind of soil but without external electric current was taken as 
the loss of weight due to electrolysis. 

In the case of the pipes which were subjected to external electric 
current, the strength of this current was determined in every 
case both by means of copper voltameters placed in series with 
the pipes, and by means of a current-time curve plotted from 
indicating meter readings taken every few days throughout the 
test. In general the results obtained from the voltameters and 
from the current-time curves agreed quite well, and the average 
of the two values was taken as the total quantity of electricity 
passed. 

Four separate tests, each of 47 days’ duration, were made. 
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The general results of these tests are given in Table I. In the 
first and second tests all of the pipes which were to be subjected 
to external electric current were connected in parallel to a con- 
stant-voltage supply, while in the third and fourth tests the pipes 
were connected in series, thus producing the same current flow 
from each pipe to the surrounding soil. During all tests the test 
boxes were kept in one of the laboratory rooms. The detailed 
conditions and arrangements of each test are given below. 

Test No. 1. The pipes as received from the manufacturer 
were cleaned with kerosene and benzol and wire-brushed to 
remove loose scale and rust. After having been thoroughly 
cleaned and dried they were placed in wooden test boxes. Four 
boxes were provided, each being approximately 12 in. by 12 in. 
by 12 in. (30. 48 cm. by 30.48 cm. by 30.48 cm.) inside dimensions, 
with three holes bored in each end through which the pipes pro- 
jected. Three pipes, one of each kind of iron, were placed in 
each test box. A sheet of copper placed at the bottom and a 
piece of copper wire gauze placed on top served as ground plates. 
Two boxes containing clay and sand soil with three test pipes 
in each box, and two boxes containing clay and loam soil with 
three test pipes in each box, were set up with ground plates as 
above described. A storage battery, having a voltage of ap- 
proximately 14 volts, was connected with its positive ter- 
minal to the pipes in two boxes, one with each kind of soil, 
and its negative terminal to the ground plates. In circuit 
with each of these pipes was placed a suitable copper volt- 
ameter. No external electromotive force was applied be- | 
tween pipes and ground plates in the remaining two boxes. 
During the test, 250 cu. cm. of hydrant water was added to 
each test box approximately every third day in order to keep 
the soil damp. In the case of the pipes subjected to external 
electricity, the current delivered to each pipe was measured prac- 
tically every day by means of an ammeter inserted temporarily, 
and the voltage between pipes and ground plates was also meas- 
ured. After the test had been continued in this way for 47 days 
the test pipes were removed from their boxes, washed in hot 
water to remove adhering soil, soaked in kerosene to soften 
the rust, wire-brushed until clean, then washed in benzol, dried 
and weighed as before. 

Test No.2: For test No. 2 the pipes were taken directly 
at the end of test No. 1 and replaced in their test boxes. The 
same boxes and the same soil and ground plates were used as 
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in test No. 1. All conditions of test No. 2 were identical with 
those of test No. 1 except that a caustic potash battery was 
used to maintain the pipes 0.7 volt positive to the ground plates 
and 200 cu. cm. of hydrant water was added to each box practi- 
cally every day, thus maintaining the soil in a damper condition 
than in test No. 1. At the end of 47 days the pipes were again 
removed, and cleaned and weighed in the same manner as after 
test No, 1. 

Test No. 3. For test No. 3 the same pipes were used as 
received from test No. 2, with the addition of four cast iron 
pipes, which before being subjected to test were also cleaned 
with kerosene and benzol and then dried and weighed. In this 
test it was desired to subject each pipe to the same current 
instead of to the same voltage as in tests No. 1 and No. 2. For 
this reason 16 test boxes were constructed, each approximately 
16 in. by 6 in. by 6 in. (40.6 cm. by 15 cm. by 15 cm.) internal 
dimensions, with one hole in each end through which the pipe 
projected, thus exposing 16 in. (40.6 cm.) of each test pipe to 
soil. The ground plate in each test box was placed at the two 
sides and the bottom and top of each box, thus completely sur- 
rounding the test pipe, the lower portion of the ground plate 
consisting of copper sheeting and the upper portion of copper 
wire gauze. The soil was obtained from the test boxes used 
in tests No. 1 and No. 2, each kind of soil being mixed thoroughly 
together with some additional soil of the same kind left over 
from the original shipment. Eight of the new test~boxes were 
filled with clay and sand soil and eight with clay and loam soil, 
and one pipe was placed in each test box. Four boxes containing 
clay and sand soil, each containing a different kind of iron pipe, 
~ and four boxes containing clay and loam soil, each containing a 
different kind of iron pipe, were connected electrically in 
series—that is, the pipe in one box was connected to the ground 
plate of the next box. A potential difference of about 125 volts 
was maintained across the eight boxes by means of a storage 
battery. In this way the same current was made to flow 
from each pipe to the surrounding soil. In series with 
the circuit were placed two copper voltameters. The re- 
maining eight boxes, four with each kind of soil, were left 
without electrical connections so that the pipes in them were 
subjected to damp soil only. During the test approximately 
100 cu. cm. of hydrant water was added practically every day 
to each box, and the current in the circuit and the potential 


a 
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difference between pipe and ground plate in each box was meas- 
ured every few days. At the end of 47 days each pipe was 
removed from its box, washed with hot water to remove the 
adhering soil, soaked in ammonium citrate to loosen and remove 
the rust, wire-brushed, then washed in naptha, dried and 
weighed. Ammonium citrate was used as it had been found 
by trial that this would more quickly and more effectively 
loosen rust than would kerosene or benzol. 

Test No. 4. In order to eliminate all possible effects of pre- 
vious corrosion, scale, etc., each test pipe was turned down in 
a lathe to bright metal, then cleaned with naptha, soaked in 
ammonium citrate, rinsed in water and naptha, then dried and 
weighed. The pipes were then replaced in their boxes and the 
test run practically in the same manner as test No. 3, except 
that 150 cu.cm. of hydrant water was added to each test box 
each day, thus maintaining the soil damper than in test No. 3, 
and that a recording milliammeter was kept in circuit. At the 
end of 47 days each pipe was removed and subjected to exactly 
the same cleaning processes as at the end of test No. 3. They 
were then dried and weighed as before. 


RESULTS OF PHYSICAL EXAMINATION OF PIPES AFTER TESTS 


The pipes which had been subjected to damp soil only, showed 
slight surface corrosion but no pitting after test No. 1 and test 
No. 2, and some slight pitting after test No. 3, but in no case 
was this pitting comparable in severity with that produced 
where an external electric current had been applied. After 
test No. 1 the coating of scale originally on the pipes was found 
practically intact, but it was found partly removed after test 
No. 2 and had almost completely disappeared after test No. 3, 
the scale then remaining being in well-defined patches which 
showed little corrosion. After test No.4, where all scale had 
previously been removed the corrosion was extremely uniform, 
without the slightest evidence of pitting. It will be noted from 
Table I, in the column marked B, that these pipes in general 
showed an increasing loss in weight in the successive tests, with 
the exception of test No. 4, where the loss in weight was in general 
slightly less than that in test No. 3. 

Pipes subjected to damp soil plus applied external electric cur- 
rent showed some evidence of pitting after the first test, the pits 
becoming more pronounced after tests No. 2and No.3. After test 
No. 4 the pitting was found quite as severe as after test No. 3. It 
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will be noticed also from the last column in Table I that the 
value of the ratio of the actual loss from electrolysis to the theo- 
retical loss decreases in general in the successive tests, that is, 
as the scale is removed. Hence it would appear that with the 
exception of cast iron the scale does not protect pipes from elec- 
trolysis and may even aggravate it. It is also evident that local- 
ized corrosion resulting in pitting occurs even when all scale 
has been removed and a uniform metallic surface is exposed to 
the soil. In the case of cast iron the iron is oxidized by electrol- 
ysis but remains in place as a graphitic mass having little mechan- 
ical strength but retaining the surface in its original condition 
without exposing pits. This graphitic material is quite soft and 
can be easily dug out with a knife or other suitable tool. 


Discussion or ReEsutts 
The current-time curves for each test show a rapid falling 
off of the current during the first few days. As an example of 
this the following values of current are given from test No. 3: 


EMMIS mM Ol eS ec, tek) cl. aitebe de. wees 0.100 ampere. 

PCAC IGE O Heme lS tm Clay Stucke. at he sh. ee Pore et 0.050 s 
ES RG es ee eee ee 0.0298 se 
Ee O LIU Vue iek. Guests och cera os 0012 4 
See 2 UM aA Via. Weis oi eso OLOOTS i 
ee RL OU CA A fee herent. tebe Se ues 0.0062 2 
pebamened 2 Oban clay eit ce). Wwe ties fe cee oten 0.0050 . 
Css et SOS SN el uatG ehicon eect heey Beet ooo 0.0033 ‘ 


This indicates that the resistance increases very rapidly at 
first and then increases only very slowly. This increase in 
resistance was found to take place at the surface of the pipe 
or in the layer of soil immediately surrounding the pipe. This 
was determined by means of a separate test, in which, after the 
resistance had increased, the pipe was removed, wiped off with 
waste, and immediately replaced, when it was found that the 
resistance was again as low as at the beginning of the test. 

The detailed results of the tests and of the calculations made 
from these results are given in Table I. In the fourth column 
of this table the average voltage between each test pipe and the 
ground plate is given in volts. In the first test each pipe was 
maintained at a constant positive potential of 14 volts, and the 
current produced by this voltage varied with each pipe, being 
determined by the accidental resistance of soil and of the surface 
contacts in each case. In the second test the pipes were main- 
tained at a constant voltage of 0.69 volt, and the current from 
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each pipe varied as before. In test No. 3 the pipes were all con- 
nected in series so that the current leaving each pipe was the 
same, but the voltage between each pipe and the ground plate 
now varied. It will be noted that this voltage ranged from 24.5 
to 37.3 volts in the clay and sand soil, while in the clay and loam 
soil it was less than one volt. In test No. 4 the pipes were again 
connected in series, and the voltage in the clay and sand soil 
ranged from 15.4 to 26.3 volts, while in the clay and loam soil 
it ranged from 8.53 to 17.0 volts. While the applied voltage 
in tests No. 3 and No. 4 was the same, it will be noted that the 
average current in test No. 4 was over three times as large as in 
test No. 3. 

Since the same soils were used in tests No. 3 and No. 4, this 
difference in current and in relative voltages, indicating changes 
in resistance, may be due to the fact that for test No. 4 the pipes 
were turned down to a smooth surface whereby better and more 
uniform contact was secured between pipes and soil. 

The actual loss of weight of the pipes in the tests, as determined 
from the weighings made before and after the tests, is given in 
columns A and B of Table 1. The difference between the loss 
of weight of any pipe subjected to damp soil with applied 
electric current and the loss of weight of the corresponding pipe 
subjected only to damp soil is taken as the loss of weight 
due to electrolysis and is given in column C. The theoretical 
loss from electrolysis as calculated from the ampere-hours 
which passed from each pipe to the surrounding soil, and 
from the electrochemical equivalent of iron, namely 1.044 
grams per ampere-hour, is given in column D. The actual 
total loss (column A) divided by the theoretical loss from elec- 
trolysis (column D) is given in the next to the last column 


A : 
marked Dp’ and the approximate actual loss from electrolysis 
(column C) divided by the theoretical loss from electrolysis 


(column D) is given in the last column marked - 


It will be noted that in every case the actual total loss divided 
by the theoretical loss from electrolysis is greater than unity, 
and that the approximate actual loss from electrolysis divided by 
the theoretical loss from electrolysis, as given in the last column 
of Table I, is also greater than unity in every case but three, in 
which cases these values are 0.96, 0.95, and 0.88. As already 
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stated, in the case of the cast iron pipes there is left as the result 
of electrolysis a soft graphitic material which is difficult to 
remove. The one low value of 0.88, obtained for cast iron in 
test No. 3, is therefore probably accounted for by the fact that 
this graphitic material had not all been removed. 

An examination of the last column of the table shows that the 
actual loss from electrolysis divided by the theoretical loss was 
much larger in the first test than in the last test, particularly in 
the case of clay and sand soil. In one of these cases in the first 
test the actual loss of weight from electrolysis divided by the 
theoretical loss was as high as 5.3. This may be partly due to 
some scale having been loosened by corrosion of the metal and 
afterward brushed off in the cleaning of the pipes. It may be 
remarked, however, that after test No. 3 a physical examination 
of the pipes showed that those which had been subjected to the 
action of damp soil only appeared to have lost nearly as much of 
the original scale as those acted upon by electric current. It 
therefore does not seem likely that the large values of the ratios 
above mentioned are entirely due to loss of scale, but rather 
indicates that a great deal more than the theoretical amount of 
iron was lost by electrolysis. 

It will be noted that the loss of weight by electrolysis appears 
to be absolutely independent of the applied voltage, except in 
so far as the voltage determines the amount of current produced, 
0.7 volt being quite as effective in producing corrosion as 30 
volts. ; 

No chemical analyses of the soils used were made, except that 
a sample from each kind of soil was tested for chlorides and 
showed the presence of these salts. 


CONCLUSIONS 


The duration of these tests was not sufficiently long to warrant 
positive conclusions to be drawn regarding the relative corrosion 
of the four kinds of iron tested, when subjected only to the action 
of damp soil. The following conclusions appear, however, to be 
warranted: 

The corrosion of iron by electrolysis in the two kinds of street 
soil tested is independent of the value of the applied voltage, 
except in so far as this determines the amount of current pro- 
duced, and less than one volt can produce corrosion by elec- 


trolysis. 
For the two kinds of street soils tested, and with current 
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densities ranging from 1.7 milliamperes per sq. ft. (18.3 milli- 
amperes per sq. m.) to 54 milliamperes per sq.. ft. (581 milli- 
amperes per sq. m.), the loss of weight of iron by electrolysis 1s 
at least equal to that calculated by Faraday’s law, and is in 
general greater than the theoretical loss. In all cases electrolysis 
tends to cause localized corrosion and decided pitting. Surface 
scale appears to accelerate corrosion from electrolysis with all 
irons except cast iron; this was especially pronounced in the 
case of the steel pipes tested. When the surface scale was re- 
moved there was practically no difference in the amount of 
corrosion produced by a given current leaving iron for damp 
soil between commercial steel, commercial wrought iron, ingot 
iron and cast iron. 

It should be pointed out that the electrical resistivity of cast 
iron is about ten times as great as that of wrought iron, steel, or 
ingot iron, and the usual lead joints in cast iron pipes also have 
a resistance which is many times greater than the screw coupling 
joints usual with wrought iron and steel pipes. For these reasons 
a given voltage drop through ground will cause a much smaller 
current to flow ona cast iron pipe than on a wrought iron or a steel 
pipe, thus practically making cast iron pipes much less subject to 
electrolysis than wrought iron or steel pipes. It must also be noted 
that when a cast iron pipe is corroded by electrolysis, the iron is 
oxidized but remains in place as a graphitic mass having little 
mechanical strength, but possessing the ability to maintain the 
pipe gas-tight and sometimes even water-tight for considerable 
periods, while with wrought iron or steel pipes this does not occur, 
so that holes and consequent leaks are more quickly produced. 
Frequently where cast iron pipes appear to be immune from elec- 
trolysis because no evidences of leakage have developed, an 
examination of the pipes would reveal that a great deal of cor- 
rosion has actually taken place and that the pipes have been 
very greatly weakened. 

The tests described in this paper are by no means considered 
complete. There are in fact so many possible variables, such as 
different kinds of soil, different degrees of wetting the soil, different 
kinds of iron, different voltages, different current densities, etc., 
that it would be extremely laborious to make a complete set of 
tests. The writer expects, however, to continue the experiments 
along the line outlined in this paper and hopes that the discus- 
sion will bring out suggestions which will serve to make the next 
series of tests more valuable. 


A Oe 
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DISCUSSION ON ‘‘ ELECTROLYTIC CORROSION OF IRON BY DIRECT 
oo ae IN STREET SoIL”’ (GANz), Boston, Mass., JUNE 
5, 1912. 


Carl Hering: It seems to me that the tests made by Professor 
Ganz are very valuable, and we are fortunate to have had the 
benefit of his experience. But I think that to speak of voltage as 
Professor Ganz does in this paper, is somewhat misleading. The 
voltage for the electrolytic corrosion of iron is negative. There- 
fore it should be possible that with no external voltage at all 
there might be some corrosion. There are always two voltages, 
one at each electrode, and we generally refer to their sum, as it 
is difficult to separate them. The result described was perhaps 
due largely to “‘ over-voltage ’’ at the copper electrode which he 
used. In my opinion there is also an important mechanical effect 
in underground electrolysis in the form of the rate of diffusion 
of the liquid which does the electrolyzing. If that liquid cannot 
circulate rapidly there will be much less electrolysis than if it can, 
and it therefore seems to me that this effect of the circulation of 
the liquid through the soil is an important factor in determining 
whether the corrosion will be bad or not; it must also have a 
very decided effect on the voltage. Professor Ganz says nothing 
about the inside of the pipe and whether the results there are 
the same or not. 

Edward B. Rosa: Regarding the excessive loss of weight 
by corrosion, it does not seem to me that it is necessary to assume 
that it is due to the removal of metal by mechanical means. At 
the Bureau of Standards we have made some similar experiments, 
and under some conditions the excess above the calculated value 
is considerable. It is well known that if iron pipes are embedded 
in cinders or in certain soils, the corrosion may be very greatly 
accelerated. I have known of one case where a line was laid 
through cinders and the pipe was destroyed within a year without 
the application of any outside current whatever. If the current 
puts the surfacein a different condition from the surface of the 
pipe exposed as a blank experiment, the local action of self-cor- 


_rosion may be thereby accelerated. These experiments are of 


great importance, and I think they emphasize the need of making 
laboratory experiments under as nearly as possible practical con- 
ditions. 

Irving Langmuir: The corrosion of the pipe and the conse- 
quent loss in weight, in excess of that calculated by Faraday’s 
law, must be due to oxidation. The iron in the ferric condition 
reacts with the iron itself to produce iron in the ferrous condi- 
tion, thus causing a greater corrosion of the pipe. Some experi- 
ments made at Stevens Institute several years ago threw some 
light on the pitting. We placed two iron plates in the soil and 
passed a current between them for several days. At the end of 
that time we opened the circuit and found that there was a 
potential difference between the plates, in the same direction as 
the original current, thus tending to maintain the current. 
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Therefore, if the current leaves a pipe at one place with a little 
higher current density than at another, there will be a voltage 
set up at that place which will make the current concentrate at 
that point. The explanation of this is difficult to find. There 
are one or two other cases where a similar phenomenon is noticed. 
For example, the same effect may be observed with hydrochloric 
acid alone. If a current of very low density be passed between 
two platinum electrodes in a dilute solution of hydrochloric acid 
through which hydrogen is bubbling, it is found, upon opening 
the circuit, that there is a difference of potential between the 
electrodes in the same direction as that which originally produced 
the current. This effect, however, persists only a short time. 

C. H. Sharp: The idea that I desire to express about the 
excess of corrosion over and above the theoretical amount, is 
that the action of the current accelerates the normal or so-called 
‘“‘ chemical ’’ oxidation of the iron. Consequently the ordinary 
oxidation goes on more rapidly when the current is flowing than 
when it isnot. One interesting thing is Professor Ganz’s sug- 
gestion as to the reason for the greater durability of cast iron 
pipes than wrought iron and steel pipes, explaining the fact on a 
rational basis. He did not say anything about scale or about 
surface conditions or anything like that, but he showed that the 
higher resistivity of cast iron alone would result in greater dur- 
ability. 

Albert F. Ganz: Dr. Hering has said that the voltage which 
I have measured in my experiments is somewhat misleading, 
because there are always two voltages, one at each electrode. 
This is, of course, true, but I was measuring the total applied 
voltage between the electrodes as we do when we make the usual 
potential survey. Regarding the insides of the pipes, I wish to 
say that in my experiments only the outside surfaces of the 
pipes were in contact with the soil, so that the inside surfaces 
were not affected by corrosion. Referring to Dr. Rosa’s remarks, 
I wish to say that the large excess of corrosion over that cal- 
culated from Faraday’s law, amounting to several hundred 
per cent in some cases, was undoubtedly due to the effects of 
scale on the surface of the pipes, because in the last series of 
experiments where this scale was removed by turning down the 
pipes before the test was begun, the excess of corrosion over 
that computed from Faraday’s law was only from 3 to 23 per 
cent, and this excess of corrosion is probably due to the acceler- 
ated natural corrosion set up by the electrolytic action. 


A paper presented at the 29th Annual Con- 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 25, 1912. 
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Pare YEARS PROGRESS IN “THE ELECTRIC 
FURNACE 


BY F. A. J. FITZGERALD 


There has been so much written about the electric furnace 
since it entered into regular commercial use about 20 years 
ago that the presentation of a paper on the subject treating 
it in a general way is not apt to be interesting. But a promise 
to attempt the preparation of such a paper having been given, 
it was thought that there might be some interest attaching to a 
review of the development of some furnaces during the past 30 
years. Moreover, it is often useful to look back over ground 
that has been covered in order to obtain suggestions as to the 
best direction to be taken in attempting further advances. 

It is now 380 years since Sir William Siemens melted about 
20 pounds of steel, as well as platinum, in notable quantities in 
an electric furnace with which he had been experimenting since 
1878, and since then the electric furnace has so far developed 
that there are great numbers, both in Europe and this country, 
regularly engaged inthe commercial manufacture of steel. While 
it is true that others had made some use of electrothermic methods 
at a much earlier day, for example Despretz, whose source of 
current was 600 Bunsen cells, yet Siemens’s furnace must be 
considered the first really practical one, coming as it did after 
the invention of a cheap source of energy—the electric generator. 

Siemens’s work is of particular interest because he saw the 
possibility of using the electric furnace for steel manufacture, 
and, so far as the principles are concerned, they are the same 
as those in actual commercial use to-day. One of his furnaces 
was made of a graphite or other refractory crucible enclosed in 
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a jacket of heat-insulating material. Inserted in the bottom 
of the crucible was an electrode of iron, platinum or carbon, 
while passing through the cover of the crucible was another elec- 
trode. The latter was connected to an automatic regulating de- 
vice consisting of a solenoid, this serving to vary the length 
of the arc and thus keep the rate of generation of energy con- 
stant. In working the furnace the steel or other metal was in- 
troduced into the crucible and made contact with the lower elec- 
trode, while an arc was drawn between the upper electrode and 
the charge. In such a furnace Siemens melted steel in quantities 
of more than 20 pounds. 

In another form of electric furnace devised by Siemens, the 
electrodes entered the crucible in a horizontal direction near 
the top and opposite one another so that an arc was formed be- 
tween them and heated the charge below by radiation. 

Siemens’s work must be considered as the forerunner of at 
least two well-known kinds of electric steel furnaces which are 
in existence to-day in actual commercial use for the manufacture 
of steel, although he never was able to do commercial work with 
his apparatus because electrical engineering was not sufficiently 
advanced. 

The growth of the Siemens electric furnace for steel making 
was at first slow, for numerous practical difficulties in its work- 
ing had to be overcome, but so many of these have at last been 
met successfully by men like Heroult, Girod, Stassano and 
others who have modified the apparatus in various ways, that 
now we have furnaces like those of the Steel Corporation in 
Chicago and Worcester working on charges of 15 tons of steel. 

Siemens in his furnace used direct current and laid par- 
ticular stress on the point that the charge should be connected 
to the positive side of the circuit, since it is well known that in 
the electric arc it is at the positive electrode the main genera- 
tion of heat occurs. In the modern furnaces, however, alterna- 
ting currents are used for obvious reasons, and the surface of 
the molten bath is covered with a layer of slag which becomes 
intensely heated, not only by the are but by the current which 
it carries. In this way ideal conditions are obtained for refining 
the metal, as the steel and the molten slag between which 
chemical reaction is desired are intensely heated at their surfaces 
of contact. ~Moreover, the slag effectually prevents the intro- 
duction of carbon from the electrodes into the metal. The prob- 
lem of regulating the electrodes automatically has also been 
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successfully worked out by means of the well-known Thury 
regulator, though it would seem that this could be simplified. 

There were, of course, a large number of metallurgical problems 
to be worked out in connection with the steel furnace, but 
these have apparently been met successfully, and we finally have 
the electric furnace working alone commercially, or what is per- 
haps more generally important, acting as an auxiliary to fuel- 
heated furnaces. The most serious problems connected with 
furnaces of this type at the present time are those relating to 
electrodes and roofs. Some years ago when the electric furnace 
was working on a much smaller scale than is demanded to-day, 
the strongest argument advanced against it was that the cost of 
heating by means of an electric current must of necessity be so 
excessive that the idea was impracticable. That, however, is 
criticism seldom heard today, for it has been found that in actual 
practise the furnate can be so used that the question of cost 
of electrical energy is by no means of the first importance. On 
the other hand, little used to be said about electrode cost, but 
now that is a most vital question and is apt to enter into the total 
cost of working as a much larger item than power. 

The manufacture of large carbon electrodes, say 20 in. 
(50.8 cm.) square and from 7 to 10 ft. (2.3 to 3.04 m.) long, is by 
no means easy, and even when they are successfully made in the 
electrode factory they may go to pieces in the furnace. Even if 
they do not break there is the problem of “‘butts.’”’ — Suppose 
a large electric steel furnace with the roof three ft. (0.91 m.) 
away from the bath, then it is safe to say that when the electrode 
holder is lowered down and comes in contact with the roof of 
the furnace, there will be a carbon ‘“‘ butt” about four 
ft. long (1.22 m.) which must go in the scrap pile. Appar- 
ently this serious difficulty is going to be overcome by electrodes 
which can be fastened end to end so that they may be con- 
tinuously fed into the furnace, and thus there will be no waste 
from “ butts’’. Within the last few months there has been a 
good deal of work done in this direction and the results are 
very promising. The electrodes are made with a circular cross- 
section instead of square and have threaded sockets in the ends 
so that by means of threaded plugs the electrodes may be fast- 
ened together and thus fed continuously into the furnace with- 
out any waste. 

This, as has been said, is promising, but has the limit of the 
electric steel furnace been reached: as regards size? Except 
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as regards electrodes there is no reason to believe that it has, 
but the 15-ton furnaces working now, need electrodes about 20 
in. (50.8 cm.) in diameter, and if the size is doubled and the 
general design is kept the same, electrodes 27 or 28 in. (68.5 or 
71.1 cm.) in diameter will be required. Perhaps these can be 
made and can be used continuously as described above, but the 
writer believes that development in this direction is a mistake, 
and that far better results can be obtained by multiplying the 
number of electrodes and keeping the size within reasonable 
limits. This is not merely a question of avoiding the difficulties 
of large electrode manufacture, but involves more efficient and 
satisfactory working of the furnace. It will readily be seen that 
distribution of temperature in the furnace is bound to be better 
as we multiply the relatively small areas where the heat is gen- 
erated, and this is an important consideration. The objection 
that is raised to this proposal is the difficulty of regulating the 
rate of generation of energy at the various electrodes. It 
does not seem that this difficulty is a real one. 

The roof problem is altogether a different one. It must be 
remembered that the heating effect in the steel furnace is gen- 
erated in an arc and in a resistor formed by the slag, and that 
consequently the surface of the slag is intensely hot, particularly 
where the arc strikes it. These conditions are very severe, 
and combined with the corrosive action of the lime which is 
vaporized from the slag, make the roof renewals a heavy item 
in the cost of electric steel. 

This problem has recently been the subject of careful study 
in two research laboratories, with one of which the writer is 
connected. Asa result of a great deal of experimental work a 
brick made of silicon carbide has been manufactured, which it is 
believed will have a much longer life in the steel furnace than 
the silica brick now used. The brick is made by taking pow- 
dered or granular silicon carbide, mixing it with a suitable 
temporary binder, such as a solution of dextrine, molding and then 
heating in an electric furnace to the temperature at which 
silicon carbide is formed. Bricks made in this way have been 
used in the roof of an experimental steel furnace in one of these 
laboratories and then put to the severest test possible. The 
bottom of the furnace was purposely raised well above the normal 
level so as to bring the surface of the slag as close to the roof 
as possible, the actual distance in some experiments being only 
10 in. (25.4 cm.) Then the furnace was worked at double the 
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normal rate of generation of energy so that the heating of the 
roof was very intense, so much so that an ordinary silica roof 
would melt down rapidly and be completely destroyed in a single 
heat. Even under these very severe conditions the silicon carbide 
roof stood up perfectly. Experiments have also been made in 
other steel furnaces and these results confirmed. The most 
serious objection to a roof of this kind is its relatively great 
cost, but if it lasts a sufficiently long time it is nevertheless 
economical. 

Twenty-five years ago Ferranti in England and Colby in this 
country worked on the very interesting furnaces known as the 
induction type. In this the secondary of a transformer consists 
of the metal to be melted. Asin the case of the Siemens furnace 
the original inventors were too far ahead of the times and it was 
not till 10 or more years later that any commercial application 
of the furnaces was made. Since then the induction furnace 
has developed considerably and is now used with success 
in the manufacture of steel. An objection to the induction - 
type is that its first cost is very great and certain problems 
connected with it become very serious when it is desired to build 
furnaces of large capacity. The worst of these is the very low 
power factor of the furnace. To overcome this objection it is 
necessary with large furnaces to have a generator furnishing 
currents of excessively low frequency. Thus, at the Vélklingen 
steel works a generator giving a current of 15 cycles is used, and 
for larger furnaces it has been proposed to use a five-cycle current. 
In an experimental induction furnace plant built by the writer’s 
laboratories for an electric furnace company at Niagara Falls, 
the low power factor was corrected by using a synchronous motor 
as a condenser. 

Nearly thirty years ago wie Cowles brothers were working 
with the electric furnace in attempts to heat the charge of zinc 
retorts by electrical means. The principle involved in this case 
was mixing with the ore to be reduced a certain amount of carbon 
which not only acted as a reducing agent, but made the charge as 
a whole a conductor of the current. This furnace may be con- 
sidered the forerunner of an immense number of electric furnaces 
in operation today, furnaces for making calcium carbide, the 
ferro alloys, iron ore smelting, graphitizing, etc. The Cowles 
furnace was a small one, but since its day the development of 
the electric furnace, helped by the corresponding development of 
electrical apparatus, has led to the construction of units of con- 
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tinually increasing size. To follow up the development of these 
furnaces would certainly transgress the limits of this paper, and 
instead, the development of a somewhat different type will be 
considered, because the writer has been more intimately asso- 
ciated with it, and because it contains points which are, perhaps, 
of more particular interest to the electrical engineer. 

In Acheson’s first experiments which led him to the discovery 
of silicon carbide (carborundum) he used a furnace of the Cowles 
type. It consisted of a small brick box with carbon terminals at 
each end so arranged that they could be moved in and out ina 
horizontal direction. This box was then filled with the mixture 
of sand and coke (clay and coke in the earlier experiments) and 
the terminals brought together, or very close to each other, 
and then gradually withdrawn as the furnace heated. It was 
soon observed that a more satisfactory way of constructing 
the furnace was to have stationary terminals connected to each 
other by means of a resistor composed of granular carbon and 
then surround this with the charge. With such an arrangement 
it was necessary to have some means by which the voltage 
could be regulated so as to keep the rate of generation of energy 
in the resistor constant throughout the run. This was found by 
Acheson to be a much more satisfactory way of working the 
silicon carbide furnace, and by experiment he found the best 
dimensions for his resistor. In the original small plant, where 
the furnaces had a capacity of about 100 kilowatts, the generator 
supplied current to a great bank of small transformers so that 
variations in the voltage could be obtained by suitable connec- 
tions of the secondaries. When, however, a plant was estab- 
lished at Niagara Falls using furnaces of 750 kilowatts the prob- 
lem of varying the voltage at the furnace terminals became im- 
portant. This was solved by the construction of a large induc- 
tion regulator to be used in the secondary circuit of the trans- 
former which stepped down the primary current of 2200 volts 
to 160 volts. The induction regulator then made it possible to 
vary the e.m.f. by 60 volts on either side of this, so that at the 
furnace terminals the total range was from 100 to 220 volts. 
For furnaces of this resistance type the induction regulator is 
an ideal apparatus, and it is to be regretted that it is not more 
generally used. The objection raised to it is usually its relatively 
high cost, but the convenience and simplicity of the apparatus 
far more than compensate for the extracost. In working with 
a furnace having a carbon resistor the resistance when starting 
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is high and, consequently, to save time it is necessary to start the 
furnace with a high voltage. When the resistor becomes hot 
its resistance progressively decreases and the voltage must then 
be decreased to keep the rate of generation of energy constant. 
If this is done in a series of steps the results are not satisfactory, 
for when the maximum kilowatts are reached and the voltage is 
lowered one step the kilowatts are decreased proportionally, and 
in large furnaces it is a long time before the resistance drops to 
the point where the desired rate of generation of energy is again 
reached. This is a most inefficient method of working and the 
consequent loss will more than pay the interest on the cost of 
suitable apparatus for regulating the voltage. 

Even at the time when these much larger furnaces were built 
the theoretical conditions involved in their construction were 
not understood, nor indeed for long afterwards. Thus, when 
_the Niagara furnaces were first built the dimensions of the re- 
sistors were found to be altogether wrong, and about that time, 
when the writer took charge of the furnace department, experi- 
ments were tried with flat resistors, though an appreciation 
of the theoretical conditions of the problem shows at once that, 
other things equal, the resistor of circular cross-section must be 
best. 

In any furnace in which the charge surrounds a resistor heated 
by means of an electric current it is obvious that the important 
consideration is the rate of generation of energy per unit surface 
of the resistor. The surrounding charge, or whatever it is de- 
sired to treat, can at a definite temperature absorb heat at a 
definite rate. Therefore, if it is desired to preserve the charge 
at a definite temperature it is necessary to generate the heat 
only so fast as the charge will absorb it. In other words, it 
is necessary that the watts should be a certain definite amount per 
unit surface of the resistor. The knowledge of the absolute value 
of the temperatures in such furnaces as those used in making 
silicon carbide is very scant, although some excellent work is 
now being done on this subject; but from the data obtained 
experimentally and the theoretical considerations of the working 
of such furnaces, it is possible to calculate relative temperatures 
with considerable accuracy. 

This was well illustrated in the experimental work done by 
the writer in the difficult problem of making what Acheson called 
“ siloxicon.”’? This substance is formed by the reduction or par- 
tial reduction of silica and is combined in some way with carbon. 
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The great difficulty in making the material is due to the fact 
that at a temperature very slightly above that at which the 
reduction of silica by carbon begins the process goes too far and 
the well-known crystalline silicon carbide is formed. In order 
to calculate the dimensions of a resistor suitable for making the 
material the only data available were those which could be ob- 
tained from a study of conditions in the silicon carbide furnace. 
Without going into details it is sufficient to say that working in 
this way a furnace was soon designed which made large quan- 
tities of ‘‘ siloxicon ’’ without the formation of any serious quan- 
tity of crystalline silicon carbide. 

The object in devoting so much consideration to this subject 
is because it illustrates in a marked manner the comparative 
ease with which electric furnaces can be adjusted to delicate 
temperature conditions. This is, of course, well known as re- 
gards small laboratory furnaces, but what we are considering 
now is a furnace about 30 ft.(9 m.) long, 12 ft. (3.6 m.) wide and 
6 ft. (1.8 m.) high, having a capacity for a charge of about 60 
tons. 

The greatest progress in the electric furnace since Siemens’s 
time has been in the arc furnaces of the kinds he used; in the 
induction furnaces of Ferranti and Colby; and in the resistance 
furnace of the Cowles type; but so far as the furnace depending - 
on the use of a heating resistor, other than the charge, is con- 
cerned there has not been any great advance as regards apparatus 
of large capacity. The explanation of this is found in the struct- 
ural difficulties involved. It is believed, however, that those 
can be overcome, and, moreover, that it is well worth while 
spending considerable effort in this direction. In the labora- 
tories with which the writer is connected much time has been 
devoted to a study of this type of furnace, and more or less success- 
ful furnaces worked out. This kind of furnace for example lends 
itself very readily to a form of apparatus which is bound to be 
developed sooner or later where the heating is accomplished by 
means of fuel as well as the electric current. This has been done 
with success in furnaces on a large scale where the preliminary 
heating is carried on by means of fuel until a temperature is 
reached where it becomes economical to use the electric current 
to get the higher temperatures desired. Moreover, in such fur- 
naces we may usefully employ nearly all of the electric current, by 
jacketing with burning gases, which eliminates nearly all radiation 
from the interior of the furnace by supplying the inevitable heat 
losses from fuel rather than electricity. 
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The question of the loss of heat through the walls of electric 
furnaces isa matter that is now attracting a great deal of attention, 
for its importance is very great. The writer has recently had 
occasion to give this matter careful consideration owing to the 
inefficient working of an electric furnace designed for some 
special smelting work. The testing of this furnace showed that 
the heat losses amounted to 50 per cent, but merely covering 
25 per cent of the outer surface of the furnace with a moderately 
good heat insulator reduced this loss nearly 20 per cent. 

Before closing the remarks on this type of furnace it may be 
of interest to note some experiments recently carried out 
with an electric kiln at the writer’s laboratories. The kiln 
is the invention of Mr. John L. Harper and is of the con- 
tinuous channel type. Two long channels run parallel to each 
other and through each of these passes a train of trucks in 
opposite directions. The center part of the kiln is heated elec- 
trically. With this arrangement, the trucks with their contents 
passing from the high-temperature part of the kiln, give up their 
heat to the trucks going to the high temperature part. Theo- 
retically with an arrangement of this sort all that is required of 
the electric energy is to supply the heat losses from the kiln. 
Various experimental furnaces of this kind have been built, the 
chief object in view being a study of the structural features of 
the kiln, such as the best form of resistor, refractory linings, etc., 
also tests of the control of temperature, maximum temperature 
available, control of atmosphere, heat insulation, etc. The kiln 
was used for various purposes, but the principal experiments were 
made on porcelain with the production of “ biscuit ” and glazed 
ware. The control of temperature was found to be very good 
and the kiln was extremely simple to work, requiring very little 
attention. 

It is not pretended that in this paper the subject of the de- 
velopment of the electric furnace has been more than superficially 
treated, the attempt being simply to take a few examples 
which would illustrate how the electric furnace has developed 
and indicate some of the problems involved in its construction 
and working today. This, naturally, confined the subject to a 
certain extent to matters within the writer’s own experience; 
but it is hoped that this may prove somewhat more interesting 
than a mere catalogue of modern furnaces compiled from the 
literature on the subject. 


-— 


1188 THE ELECTRIC FURNACE [June 25 


e 
Discussion on “‘ THtrTY YEARS’ PROGRESS IN THE ELECTRIC 
FurNACcE ” (FitzGERALD), Boston, Mass., JUNE 25, 1912. 


Carl Hering: I am very glad to see that Mr. FitzGerald 
emphasized the fact that the cost of the energy is not the principal 
item in an electric furnace; so many people seem to think that it 
is; the cost of the electrodes, the cost of the furnace, the saving 
of labor, the better quality of the product, etc., should also be 
considered. If the product is more valuable you could stand a 
greater cost, and if the electric furnace should save labor, a 
very little labor cost will pay for much energy. Mr. FitzGerald 
speaks of using fuel heat in conjunction with electric heat. It 
seems to me it is better to use them in series than in multiple, 
to use electrical terms, that is, not to use them simultaneously, 
but to preheat with fuel and then get the higher temperatures 
by electric heat; the heat absorbed by preheating the metal will 
be found to be quite a large part of the total. Connecting carbon 
electrodes together, to avoid butts, gets over some of the elec- 
trode trouble, but on the other hand that junction is liable to 
break, allowing the butts to drop on to the bath, and to get those 
butts out of the bath is sometimes a very serious matter. 

Alfred H. Cowles: Mr. FitzGerald has mentioned the Siemens 
furnace as a forerunner. I think we might as well go back to 
Sir Humphrey Davy’s work in 1807 and 1808 as the forerunner. 
In 1885 the Siemens patent and work was encountered by my 
brother and myself in looking up the literature on electric 
furnaces. We found that Sir William Siemens had at the Paris 
Exposition in 1879 melted some iron in crucibles with an arc, but 
provided no method of confining the heat. His brother, Dr. 
Werner Siemens, has stated that Sir William Siemens never 
thought of the idea of reducing metals in his electric arc furnace. 
He had no bath or flux on top of the molten metal which might 
furnish resistance for the current to pass through, and therefore 
I think that his work cannot be considered in any manner an 
anticipation of the splendid work done by Heroult in evolving a 
resistance material in the form of a flux on top of his bath of 
molten iron. Mr. FitzGerald in referring to the work of my 
brother and myself spoke of it as a small work that we had done. 
In 1885 we ordered the largest of dynamos, in amperes, ever made 
up to that date, and after that we ordered the largest dynamo, in 
watts, ever specially designed for the purpose of operating electric 
furnaces. In 1886 we again ordered the largest dynamo (500 
e.h.p.) ever designed up tothat year, and after that ordered three 
more, the largest 700 h.p. All this work was done before a stroke 
of work was done at Niagara or by Acheson at Monongahela City. 
The production of calcium carbide, and of carborundum, al- 
though the latter’s name was not then given to it, was accom- 
plished in our work and a sample was left from 1887 until about 
1898 in the Massachusetts Institute of Technology Museum, 
and in litigation that followed, that sample was produced and the 
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U.S. Court of Appeals in Philadelphia! decided that the Cowles 
brothers had not only made crystalline carbide of silicon four 
years ahead of Acheson, but had anticipated Acheson by one of 
our process patents. It took about six years to settle this 
litigation, and it is not entirely settled yet, after eighteen years 
have passed, as the damage case is now in the hands of the same 
court. 

I dislike to speak in my own behalf, but when one meets a 
party of electricians in 1912, who are not familiar with what was 
going on in 1885 and ’86, it seems necessary to say that between 
that time and this a great many of the facts have become 
twisted in the literature. In 1885 and ’86 the literature was full 
of our work. In 1885 Dr. T. Sterry Hunt visited our works and 
asked us to repeat some tests for him. He stated to us that, from 
theories of his own, he believed the specific gravity of fused quartz 
should be 2 instead of 23, that of crystalline quartz. The experi- 
ment made for him developed the specific gravity as about 2.15. 
He described this work on silicon and other reductions of the 
then rare elements by us in the Proceedings of the American 
Institute of Mining Engineers at the Montreal meeting, I 
think in 1886. We had melted and reduced Si O»2 before that 
time, and in the reduction retorts we found a suboxide of silicon. 
In the experiment that we made we found a yellow substance 
lying between the unreduced silica and the crystallized carbide 
of silicon. This was analyzed and found to be a suboxide of 
silicon and described by Professor Charles Mabery before the 
Franklin Institute in 1887, I think, and before other scientific 
bodies. It is now called siloxygen. The carbide of silicon that 
we made we mistook for DeVille’s crystalline silicon. We also 
found amorphous masses which analysis showed to be silicon. 
In those experiments we obtained both the Si and SiC. While 
we did not analyze and discover the composition of carbide of 
silicon, we did produce it; and it was only during the litigation 
that we sent to the Massachusetts Institute of Technology and 
secured a sample of carbide of silicon that had been left there 
(after a lecture given by myself in February, 1886), and had it 
analyzed, and had its crystalline structure examined by Professor 
Robert H. Richards, the curator of the museum of the Massa- 
chusetts Institute of Technology. It was ascertained that we 
had formed the carbide of silicon about four years previous to 
Acheson’s earliest work. The discovery that carborundum was a 
carbide of silicon was made by Mr. Muhlhauser, if I recall the 
name correctly, who about a year and a half after the first 
experiment with the furnace by Acheson in 1889, while in 
Acheson’s employ, analyzed the substance and ascertained the 
true composition of it. I think that this gives the first record of 
this work on carborundum, which has not recently appeared in 
the public prints, but has appeared in the court discussions bearing 


on this subject. 
1. Page 683, Federal Reporter, No. 102. 
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W. B. Jackson: I would like to ask one question, and that is 
whether at the present time there is any likelihood of the electric 
furnace being constructed in such a manner and working in such 
a manner that it may become a valuable operation in valley 
power. My idea was that such a furnace might be very properly 
adopted for the use of such power. 

F. A. J. FitzGerald: In regard to Mr. Cowles’s remark, when 
I spoke of the Cowles furnaces being small, I meant that while 
they had furnaces having a capacity of perhaps 750 kw., 
then, they are small compared to some of those used today. 

. They were the largest furnaces used at the time, far and away 
greater than those used in Europe or anywhere else; I meant 
small only in comparison with some of the 6000-kw. furnaces in 
use at the present time. 

In regard to the question of valley power, we are working on 
that question now. For certain purposes you cannot use dis- 


continuous furnaces. But there are certain conditions under. 


which the electric furnace would be extremely useful for short 
runs of 8 hours. 

I have been asked to explain how I would water-cool these 
electrodes if they were threaded and spliced. The water-cooled 
head is a ring that grasps the electrodes. The electrodes are 
threaded so that they may be screwed together and are slipped 
down through the ring as they wear away. 
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SIMPLIFICATION OF ELECTROTHERMAL 
CALCULATIONS; THE WATT AND 
THERMAL OHM 


BY CARL HERING 


Modern tendencies are toward greater efficiency, in machinery 
as also in a more scientific management and in many other di- 
rections involving the saving of useless labor or wasted efforts, as 
exemplified, for instance,in simplified spelling, the use of abbrevia- 
tions, the Esperanto language, etc. Obsolete, old-fashioned and 
inefficient machinery is willingly discarded for that which is more 
efficient; obsolete methods of management are discarded for 
better ones; economy in the physical labor of man is carefully 
studied and practised; yet in the very process which every engi- 
neer himself uses and which is more personal to him than any 
other, namely, the process of doing his mental work, the average 
engineer completely ignores the adoption of more efficient methods 
even when they are within his reach. In our numerous daily 
calculations we still adhere with astonishing tenacity to our 
antiquated, cumbersome, irrational, time-robbing, inherited 
systems of measures, although we have within reach systems 
which are far more efficient in the economy of mental energy. 

We have before us an excellent example in the so-called abso- 
lute or c.g.s. system of units, which is so invaluable to the physi- 
cist. In this there is always one, and only one, well-defined unit 
for every physical quantity, and practically all the conversion 
factors fall out of the calculations, as they are unity, because 
all the units are connected with each other by a unity relation. 

We could readily have the benefits of such an ideally simple 
and time-saving system in our daily calculations by merely using 
as our practical units some fixed decimal multiples of these 
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generally inconveniently small or large c.g.s. units. Our wise 
forefathers gave us some of these benefits when they established 
our present simple and very satisfactory system of practical 
electric units in which all relations are unity, and we should be 
everlastingly thankful to them for their forethought and wisdom. 

But realizing the great mental inertia which has barred us in 
this country from the benefits of a great step in this direction in 
the form of the metric system, the introduction at the present 
time of such a more complete and radical change for the better 
as mentioned above, would seem hopeless. The chief reason is 
that each individual considers only his own small special field 
of work; there are too few broad-minded men who can see the 
matter in the light of the benefit to the community as a whole, 
and who can forget their own temporary inconvenience. 

Although there exists this strong opposition to improving the 
efficiency of our mental work by changing existing units into more 
rational ones, there is an opportunity at least to take a step in 
this direction whenever an occasion arises to create a new unit 
where none has existed before. In fact in such a case it is, in 
the writer’s opinion, a moral duty to our descendants to make 
such new units decimal multiples of the c.g.s. units, as those who 
established our electrical units did. 

Such an occasion has arisen lately in connection with the flow 
of heat through bodies, a branch of applied science to which more 
attention has been given recently and will undoubtedly be given 
to a much greater extent in the near future; it has its application 
in the economy of thermal processes. Heat cannot be confined 
like electricity by practically perfect insulators; it will flow more 
or less through all bodies, hence will escape and be lost, thereby 
decreasing the efficiency of a thermal process. It therefore be- 
comes important to be able to measure, calculate and pre- 
determine such flows, and to do this requires that units be es- 
tablished for quantitatively expressing the physical quantities 
involved. The very rapid introduction of electric heating is 
making this important, particularly as its commercial success is 
dependent so largely, if not almost entirely, on the greater ability 
to prevent a waste of the energy, the prime cost of which is 
generally greater than that of combustion heat. 

There is some property of heat which causes it to flow, another 
which offers resistance to such a flow, and as this resistance is 
different in different materials there is a thermal resistivity of 
materials; there is therefore also a conductance and conductivity; 
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the quantity of heat must be measurable, as also the current or 
flow of heat. To express, measure and calculate these quantities 
intelligently and conveniently, there should be a unit for each. 

The purpose of the present article is to point out what the 
most rational values of these different units are and to urge their 
general adoption. 

The selection of new units should, in the writer’s opinion, be 
governed by two principles; one is to bring the new unit into 
the group based on the c.g.s. units by making it some decimal 
multiple of the corresponding unit in that system; and the 
other is to choose these decimal multiples so that in the most fre- 
quently occurring calculations the relations between the different 
units are unity, just as in our existing system of electrical units, 
and in the c.g.s. system. 

The cause of a flow of heat is a difference of temperature. 
As there is unfortunately no unit of temperature in the c.g.s. 
system, we are compelled to adopt one of the thermometer scales 
and there is presumably no question that among these the centi- 
grade system should be preferred. Hence the unit of difference 
of temperature which should be used in the present new group of 
units is the centigrade degree. 

For expressing the flow of heat it would at first seem natural 
to use as a unit a transmission of one of the customary units 
of heat per second, like calories per second. It would then, how- 
ever, not be in that preferred group of rationally interconnected 
units to which the c.g.s. and the electrical units belong, as there 
is no heat unit in that system. Heat is only one of the various 
forms of energy and one of the basic principles of a rational, in- 
terconnected system of units, is to have only one unit for each 
physical quantity no matter what form it isin. The c.g.s. unit 
of energy is the erg, hence this includes heat as well as all other 
forms of energy. It is therefore not correct to call a calorie per 
second a c.g.s. unit, as is not uncommonly done by able writers. 

A flow or current of heat’is physically a rate of transmission of 
energy, hence the only rational unit for measuring it in the c.g.s. 
system is the erg per second. The physicist would use this unit 
in his analytical deductions. This is more rational also because 
in many of our processes energy is transformed, sometimes re- 
peatedly, from one form to another, and as it is the same energy 
it is not rational or mentally economical to keep changing the 
units in our calculations each time this same energy merely 
changes its form; the physicist would certainly not do so in an 
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analytical discussion, and as his method is far simpler why should 
not the engineer also avail himself of this privilege?—it is directly 
within his reach. 

According to the above principles, therefore, the practical unit 
of a flow or transmission of energy, be it in the form of heat or 
in any other form, should be a decimal multiple of the erg per 
second. As such a practical unit of a very suitable order of 
magnitude already exists in practise in the watt, it would be 
irrational to create a new one. Hence in the simplified system 
here recommended, thé watt is chosen as the rational unit for the 
flow of heat. It is equal to 10,000,000 ergs per second. 

When it is said that a heat flow of say 10 watts is passing 
through a thermal conductor, or is flowing out of its end or from 
a surface, it means that the amount of heat flowing is equal to 
that which would be generated continuously in an electrical 
conductor, lamp or coil in which 10 watts of electrical energy 
are being converted into heat. No conversion factors are then 
required, although the energy has changed from the electrical to 
the thermal form. 

Some persons argue that in this as also in the adoption of 
the kilowatt in place of the horse power, we electrical engineers 
want others to adopt our electrical units to the exclusion of the 
older units, and they ask why we should not change ours to suit 
the older ones. This is manifestly unjust; what we ask is not 
that the other units be “‘ electrified,’’ but merely that these 
scattered, arbitrary, incommensurate and often quite irrational 
units should be changed so as to bring them into that rational 
c.g.s. group in which (nearly) all conversion factors disappear, 
and to which the electrical units already belong; and whenever 
the magnitude of the practical electrical unit for that quantity 
is of a convenient order, it certainly simplifies matters to adopt 
this already existing unit, like the watt in this case, instead of 
creating another one. 

Having selected the centigrade degree as the unit of the cause 
of thermal flows, or what might popularly be called the thermal 
pressure, and having chosen the watt as the unit of the flow, then 
. the rational unit of the resistance which opposes such a flow 
is that resistance which will allow one watt of heat current to flow 
through it when the difference in temperature at the ends is 
one centigrade degree. This means that these three units bear 
a unity relation to one another, just as, in accordance with Ohm’s 
law, the unit ohm was so chosen that one volt will cause one 
ampere to flow through it. a 
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This unit, which was recommended by the writer over a year ago, 
therefore is analogous to the ohm and the calculations-involving 
it are like those for electrical resistances. The thermal resistance 
of a centimeter or inch cube is the specific resistance or resistivity, 
and the total resistance is equal to this resistivity multiplied by 
the ratio of the length to the section. 

The flow of heat through a body in watts (assuming it to be 
perfectly insulated on the lateral surfaces) will be numerically 
equal to the difference of temperature at its ends, in centigrade 
degrees, divided by the thermal resistance of the body, provided 
the unit of resistance just defined is used. That is, if W rep- 
resents the flow in watts, T the drop of temperature in centigrade 
degrees and R the thermal resistance in terms of this unit, then 
W =T/R, which on account of its identity with Ohm’s law might 
be termed the thermal Ohm’s law, especially as it is believed 
that Dr. Ohm discovered his famous electrical law through the 
analogy of the flow of electricity with the flow of heat, the laws 
of the latter having been determined earlier. 

Owing to the analogy between the unit of thermal resistance, 
as thus defined, and the electric ohm, and in deference to Dr. 
Ohm, who about a century ago first pointed out the analogies 
between the two laws, it is suggested to call this unit of 
thermal resistance the thermal ohm. 

When a unit is often used, it facilitates and simplifies matters 
to give it some distinctive name. It is, for instance, very con- 
venient to be able to use the simple name ‘‘ ampere ”’ for the unit 
of an electric current, instead of its more cumbersome though 
quite correct equivalent the ‘‘ volts per ohm.’’ Or to use the 
name ‘ohm ”’ in place of ‘‘ volts per ampere.’ It seems almost 
essential to name two of such an interconnected group of three 
units—then why not name the third one also? Sucha distinctive 
name is also useful to distinguish a unit more readily from other 
units of the same physical quantity when several are in use, as 
for instance in the case of feet, meters and inches, or pounds and 
kilograms, or horsepowers and kilowatts, etc. 

Some persons, however, do not agree with the present writer 
in the advisability of thus naming this new unit, although they 
agree that the magnitude of the unit is the best; they prefer to 
define it each time it is used by stating that a thermal resistance 
when given in terms of this unit is equal to so-and-so many 
“degrees per watt,’’ on the same principle that the name of 
the ohm is unnecessary, as this unit could correctly be specified 
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as the number of “‘ volts per ampere.’’ Unfortunately neither 
of these two phrases carries with it the often very useful concep- 
tion that the physical quantity referred to is a resistance. The 
writer thinks it better to give it a characteristic name and there- 
fore advocates the term ‘‘ thermal ohm ”’ as a simple one which 
carries with it an explanation that it represents a thermal resis- 
tance, while the last word ‘‘ohm”’ indicates that it belongs to 
the same ideal group of units to which the electric ohm belongs, 
in which the values are always some decimal multiples of the 
c.g.s. units. 

Whenever the difference of temperature between the ends of 
a thermal conductor, stated in centigrade degrees, is divided by: 
the thermal flow in watts, the quotient, being the degrees per 
watt, is the thermal resistance in thermal ohms. 

Dr. A. E. Kennelly first suggested this name, but the present 
writer had believed that it was for a unit of a different magnitude 
than the one here proposed. After the present paper was 
written, the writer found that the unit to which it had been 
applied was also the same (see A. I. E. E. Transactions, 1907, 
Vol. XXVI, II, p. 974, a paper which the writer had not pre- 
viously seen); Dr. Kennelly, however, seemed to use it there in 
a general sense for any thermal resistance unit, for on p. 993 of 
that paper he applies the reciprocal to ‘‘ thermal-mhos-per-cm. 
in gram-calorie measure;’’ moreover the whole matter was only 
incidental in that paper. 

That this unit is of a convenient size for use in practical work 
is shown in various tables of values of the thermal resistivities 
of various materials! and surfaces? which were gathered from 
various sources and reduced by the writer to thermal ohms. 
The metals, for instance, have thermal resistivities of about one- 
quarter to three thermal ohms for one centimeter cube; solid re- 
fractory materials like brick, about 40 to 200; loose granular or 
fibrous materials about 300 to 4000. Surfaces from which heat 
is emitted seem to have a surface resistance of several thou- 
sand to less than one thermal ohm per square inch, depending upon 
the nature of the surface and the temperatures. 

In thermal problems, as in electrical ones, it is often con- 
venient and time saving, in the calculations occurring in practise, - 


1. “ Flow of Heat through Bodies.” Metallurg. & Chem. Engineer- 
ang, Dec. 1911, p. 652. 

2. ‘Flow of Heat through Contact Surfaces.’ Metallurg. & Chem, 
Engineering, Jan.i.1912, p. 40, 
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to use the thermal resistances of bodies as resistances and not 
carry the calculation each time to the extent of determining the 
loss of heat through it, as was formerly done before thermal re- 
sistances came into more general use. This would apply, for 
instance, where such resistances are used as thermal insulators. 
This often saves many unnecessary calculations, and it also 
eliminates the temperature from such calculations, except in 
so far as the temperature coefficient of the thermal resistivity 
is concerned. A wall of a furnace or the thermal insulation of 
a cooking device can be specified simply as having a resistance of 


so-and-so-many thermal ohms. 


Although in most engineering problems of an electrothermic 
nature, like those applying to stoves and furnaces, it is far 
simpler to use resistances instead of conductances, as is also 
generally true in purely electric problems, yet it may sometimes 
be desirable to use thermal conductances and conductivities, and 
for this purpose the units for the latter should of course be the 
true reciprocals of the resistance and resistivity units. For 
consistency the name ‘‘ thermal mho ”’ is recommended for the 
corresponding unit of thermal conductance. 

A more detailed discussion of this unit of thermal resistance 
was published by the writer over a year ago’, in which article a 
complete set of the conversion factors was given for reducing 
values in other units to those in the units here suggested, and the 
reverse, as also numerical examples illustrating the use of this 
unit in practise. These conversion factors are as follows: 


TABLE OF CONVERSION FACTORS 
(NotEe.—A flow or radiation of heat may be measured in watts, in gram- 
calories per second, or in ergs per second. In this table the term “ c.g.s. 
unit,’”’ that is, the absolute unit, refers to the true ones based on the erg 
per second; those often called ‘‘ c.g.s. units’’ and based on the gram-calorie 
are here given under the latter term. The centigrade degree is understood 
to be meant in all these units.) 


Thermal Resistance. 

Thermal ohms: 

=centigrade degrees + watts = degrees per watt. 

= 1 + thermal mhos. 

thermal ohm: 

= a resistance requiring 1° C. per watt of flow. 
= 4.18617 gram-calorie units; approx. 50/12. 
= 0.0000001 c.g.s. unit of thermal resistance. 


3. “Thermal Resistance and Conductance; the Thermal Te and 
Thermal Mho.” Metallurg. & Chem. Engineering, Jan. 1911, p. 13. 
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1 gram-calorie unit: 
= a resistance requiring 1° C. per flow of a gram-calorie per second. 
= 0.238882 thermal ohm; approx. 24/100. 
= 2.38882 x 10-8 c.g.s. units of thermal resistance. 


1 c.g.s. unit of thermal resistance: 

a resistance requiring 1° C. per flow of an erg per second. 
10,000,000. thermal ohms. 

41,861,700. gram-calorie units. 


i 


II 


ll 


Thermal Conductance. 
Thermal mhos: 
= watts + centigrade degrees = watts per degree. 
= 1+ thermal ohms. 
1 thermal mho: 
= a conductance permitting a flow of 1 watt per degree. 
0.238882 gram-calorie unit; approx. 24/100. 
= 10,000,000. c.g.s: units of thermal conductance. 


1 gram-calorie unit: 
= a conductance permitting a flow of 1 gram-calorie per second per 
degree, 
4.18617 thermal mhos; approx. 50/12. 
= 41,861,700. c.g.s. units of thermal conductance. 


i 


1 c.g.s. unit of thermal conductance: 
“= a conductance permitting a flow of 1 erg per second per degree. 
= 0.0000001 thermal mho. 
= 2.38882 X 10-° gram-calorie units. 


Thermal Resistivities. 
NotEe.—These are the reciprocals of the corresponding conductivity 
units. 


1 gram-calorie, centimeter cube unit: 
= 0.393700 gram-calorie, inch cube unit; appprox. 4/10. 
= 0.238882 thermal ohm, centimeter cube unit; approx 24/100. 
= 0.0940478 thermal ohm, inch cube unit; approx. 2/21. 
= 2.38882 x 10-8c.g.s. units of resistivity. 

1 gram-calorie, inch cube unit: 
= 2.54001 gram-calorie, centimeter cube units; approx. 10/4. 
= 0.606762 thermal ohm, centimeter cube unit; approx. 3/5. 
= 0.238882 thermal ohm, inch cube unit; approx. 24/100. 
= 6.06762 X 10° c.g.s. units of resistivity. 

1 thermal ohm, centimeter cube unit: 
= 4.18617 gram-calorie, centimeter cube units; approx. 50/12. 
= 1.64809 gram-calorie, inch cube units; approx. 5/8. 
= 0.393700 thermal ohm, inch cube units; approx. 4/10. 
= 10-"c.g.s. unit of resistivity. 

1 thermal ohm, inch cube unit: 
= 10.6329 gram-calorie, centimeter cube units; approx. 21/2. 
= 4.18617 gram-calorie, inch cube units; approx. 50/12. 
= 2.54001 thermal ohm, centimeter cube units; approx. 10/4. 
= 2.54001 X 10°’ c.g.s. units of resistivity. 
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1 c.g.s. unit of resistivity: 
= 4.18617 * 107 gram-calorie, centimeter cube, units. 
1.64809 X 107 gram-calorie, inch cube units. 
10’ thermal ohm, centimeter cube units. 
3.93700 X 108 thermal ohm, inch cube units. 


ll 


ll 


Thermal Conductivities. 


Notre.—These are the reciprocals of the corresponding resistivity 
units. 
1 c.g.s. unit of conductivity: 

= 2.54001 X 10-7 thermal mho, inch cube unit. 

= 10-7 thermal mho, centimeter cube unit. 

= 6.06762 X 10-8 gram-calorie, inch cube unit. 

= 2.38882 x 10-8 gram-calorie, centimeter cube unit. 


1 thermal mho, inch cube unit: 

= 3.93700 X 10° c.g.s. units of conductivity. 

= 0.393700 thermal mho, centimeter cube unit; approx. 4/10. 
0.238882 gram-calorie, inch cube unit; approx. 24/100. 
0.0940478 gram-calorie, centimeter cube unit; approx. 2/21. 


lI 


1 thermal mho, centimeter cube unit: 
= 10’ c.g.s. units of conductivity. 
= 2.54001 thermal mho, inch cube units; approx. 10/4. 
= 0.606762 gram-calorie, inch cube unit; approx. 3/5. 
= 0.238882 gram-calorie, centimeter cube unit; approx. 24/100. 


—_ 


gram-calorie, inch cube unit: 

= 1.64809 X 10’ c.g.s. units of conductivity. 

= 4.18617 thermal mho, inch cube units; approx. 50/12. 

= 1.64809 thermal mho, centimeter cube units; approx. 5/3. 

= 0.393700 gram-calorie, centimeter cube unit; approx. 4/10. 


1 gram-calorie centimeter cube unit: 
= 4.18617 X 10’ c.g.s. units of conductivity. 
= 10.6329 thermal mho, inch cube units; approx. 21/2. 
= 4.18617 thermal mho, centimeter cube units; approx. 50/12. 
= 2.54001 gram-calories, inch cube units; approx. 10/4. 


As the calculations involving thermal resistances and flows of 
heat through them become so simple when these units are used, 
and are identical with the analagous electrical ones, it seems - 
superfluous to give any numerical examples here as illustrations. 
Such examples are given in some of the papers that have been 
referred to. Attention, however, is here called to the fact that 
although the temperature coefficients of thermal resistivities are 
probably of about the same general order of magnitude as those 
of electric conductivities and therefore not large per degree, yet 
the ranges of temperature are sometimes so great, as in furnaces 


1200 HERING: THE THERMAL OHM [June 25 


for instance, that these changes should be taken into considera- 
tion 

Besides using watts and thermal ohms to simplify thermal 
calculations, it will greatly simplify numerous other calculations 
in electrothermic work to apply the same reasoning to the heat 
unit itself, that is, to abandon all the several so-called heat units, 
namely the two calories, the British thermal unit, and the hybrid 
pound-centigrade unit, and use the watt-hour instead. This 
brings the heat unit into the c.g.s. group and relieves all subse- 
quent calculations of the troublesome conversion factors in- 
volving the mechanical or electrical equivalents of heat; such 
conversion factors then become unity. 

This is readily done by converting the values of the physical 
constants of materials given in calories or B.t.u., in the tables, 
once for all into watt-hours; the numerous electrothermal en- 
gineering calculations based on them then become extremely 
simple, so simple in fact that many of them can be done mentally. 

This would mean converting all such thermal constants as 
specific heats, latent heats, and heats of chemical combinations, 
once for all into watt-hours, thereby avoiding the incessant rep- 
etition of the reductions involving incommensurate conversion 
factors in all the numerous subsequent calculations. It would 
then be stated, for instance, that the energy necessary to heat, 
melt and raise the temperature of a pound of steel to a certain 
number of degrees is so-and-so-many kilowatt-hours per pound. 
This is discussed in another paper by the writer.® 

The conversion factors are as follows: One kilogram-calorie 
equals 1.1628 or approximately 7/6 watt-hours; one thermal unit 
(pound-Fahrenheit unit or B.t.u.) equals 0.29303 or approx- 
imately 5/17 watt-hours; one watt-hour equals 0.85998 or approx- 
imately 6/7 kilogram-calories and 3.4127 or approximately 
17/5 thermal units. 

It may at first seem somewhat inconsistent to use the watt- 
hour instead of the joule for the equivalent of the heat unit in 
this simplified system. But although the joule is theoretically 
the more rational unit, yet electric energy in practise is now 
universally expressed and measured in.watt-hours or kilowatt- 
hours and never in joules, hence by using the former the trouble- 


4, ‘‘ Effects of the Variations of Thermal Resistivities with the Tem- | 


perature,” Trans. Amer. Electrochem. Society, Vol. XXI, 1912, p. 511. 
5. ‘Uniformity and Simplicity in Electrochemical and Electrothermal 
Calculations.’’ Trans. Amer. Electrochem. Soc., Vol. XXI, 1912, p. 499. 
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some factor of 3600 (the number of seconds in an hour) is elim- 
inated by becoming unity. 

The simplifications in calculations, by thus working within the 
same group as the c.g.s. units, is so great that it may often reduce 
the mental labor, evenin thermal problems which do not involve 
electrical energy; one would then reduce the original data at the 
start to this group of units, and the final results back again, which 
would enable one to make all the calculations involving the design 
and proportioning (and these are often by far the more num- 
erous) in the simple system, just as in some classes of work it 
is simpler to convert the original data into the metric system, 
then make all the tests and numerous engineering calculations 
in that system, and convert the final results back into the orig- 
inal units. 
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DISCUSSION ON ‘SIMPLIFICATION OF ELECTROTHERMAL CALCU- 
” 
LATIONS; THE WATT AND THERMAL OHM (HERING), | 
Boston, Mass., JUNE 25, 1912. : | 


H. B. Gale: I think the new unit proposed in this paper is a 
very practicable and useful one, and I hope it will become adopted 
as one of the new tools of the profession. 1 have spent a great 
deal of my time in the last few years in making calculations on 
electric heating, and have found it necessary to work out a table 
of constants for calculating watts transmitted by different sub- 
stances per degree difference of temperature, and I am very much — 
obliged to Dr. Hering for giving me a name for the constants of 
my table. 

Carl Hering: Dr. Kennelly suggested the name for that unit. 

H. B. Gale: I am grateful for the name anyway. But it 
does seem to me that the name thermal ohm is open to objection, _ 
because it is liable to be confused with the electric ohm. These 
will be abbreviated ultimately, and it occurred to me that it 
could be called a ‘‘ thermohm,”’ and then it would not be confused 
with the other. Or you could reduce it to ‘‘ therm.” I believe 
that the unit is one that is destined to be exceedingly useful and 
to simplify our work very greatly. 

Alfred H. Cowles: It seems to me that the adoption of sucha 
unit would lead us around a great circular path, with the ultimate 
discovery that we do not come back to the beginning point. We 
start with*old work done about a century ago, from which there 
was defined the dyne of force, the electrostatic units, and the 
centigrade degree of temperature. Later, we passed to electro- 
dynamics, with the evolution of its derived set of units depend- 
ent for their magnitude upon those units that had formerly been 
determined and the velocity of light, barring the cutting down of 
the electromagnetic unit of rate of flow ten-fold in order to secure 
a more convenient unit of rate of flow, the ampere. 

In the study of heat, the units have been developed independ- 
ently, all upon the c.g.s. system with the exception of the unit 
(T) for the rise in temperature or difference in temperature poten- 
tial. This latter is arbitrary. The watt as a measure of rate of 
energy flow per second, per second, is directly derived and de- 
pendent upon the. magnitudes of the volt and ampere. If 
we use it to express a rate of flow of energy, in the form of heat 
conducted per second, per second, it would seem to me that we 
would have to have also a thermic volt to go with the proposed 
thermic ohm, and there should be some natural relation between 
the thermic volt and the electric volt, and also some natural re- 
lation between the thermic ohm and the electric ohm, but this 
would imply something to correspond in its nature to the ampere. 
But the watt is a product of a volt times an ampere, while an 
ampere is a unit by itself expressing a rate of flow of one coulomb 
per second per second. 
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Here, in the failure of a watt and an ampere to correspond in 
their natures, we find that in our circular path we have not re- 
turned to the point of beginning. The electric ohm is that re- 
sistance which will permit one ampere to flow with a fall of poten- 
tial of one volt between two terminals. We may note that the 
absolute nature of this resistance or its mechanics is not clear to 
one’s mental conception, but R multiplied by amperes squared 
times seconds gives units of energy, watts or joules. If we evolve 
a law of heat conduction that is analogous to Ohm’s law of electric 
conduction, it seems apparent, nevertheless, that we cannot use 
the watt as a rate of energy flow if we are to introduce a thermic 
volt, and also a thermic ohm. 

We can, however, call one degree centigrade a thermic volt, 
which gives us a thermic ohm arbitrary in its nature, very much 
as the degree centigrade is, for it would depend upon the latter. 
Maintaining the watt as it must be, a constant, we can change the 
magnitude of the thermic volt to any amount, with a correspond- 
ing change occurring in the magnitude of the thermic ohm. For 
instance, were we to make the thermic volt 96,000 deg. cent. to 
correspond numerically to the electrochemical equivalent in 
electrolysis, and call it unity, then one watt equals one thermic 
volt having as its equivalent 96,000 deg. cent. of temperature. 
Now making the intangible thermic ohm 96,000 times larger in 
magnitude, as proposed by Dr. Hering, we would have 
two natural relationships between electricity and heat in- 
troduced into the proposed formula, thus making 96,000 
a unity—it would be a thermic volt. We already have the 
watt per second, per second, as a rate of flow of energy, and re- 
curring to Ohm’s law in its new form, we have one watt of energy 
will flow per second when a difference of potential of one thermic 
unit exists between two sides of a wall whose ends, top and 
bottom and sides are perfectly insulated, having a resistance of 
one thermic ohm. In this form the numerical relations between 
a new thermic ohm and the electric ohm may be made to mean 
something valuable. A natural numerical relation between the 
volt unit as a measure of difference of electric potential and the 
temperature, centigrade degree, unit as a measure of difference 
of heat potential, can then be derived. 

Carl Hering: I think if Mr. Cowles will examine these rela- 
tions more carefully he will find that he is mistaken in some of 
his remarks. In the flow of heat the unit he calls “‘ thermic 
volt ” already exists in the degree of temperature. When the 
flow of heat is expressed in watts, it has its analogy in an electric 
circuit in the form of a flow in amperes. Instead of this leading 
to complications it seems to me to lead to simplification. — 

Alfred H. Cowles: I am pleased to hear that stated, for, ina 
paper read before the Electrochemical Society at the first 
Niagara Falls meeting, I pointed out the very fact that differ- 
ences of heat potential in a body were perfectly analogous to 
differences of electric potential, and if one could introduce a unit 
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analogous to the ampere, one could study the heat flow in the 
same manner as flow of electricity is now studied. 

I think ‘‘ watt ’’ as used by Mr. Hering expresses a quantity 
of energy rather than a rate of flow or flux ofenergy. Anew name 
should be supplied bearing the same relation to a watt that an 
ampere bears to acoulomb. In the latter portion of my remarks 
I described a thermic volt whose magnitude is a multiple of the 
degree centigrade. This discloses a means of establishing those 
units, without making the thermic ohm dependent for its magni- 
tude on the arbitrary value of the degree centigrade, amd main- 
taining them within the c.g.s. system. 

Carl Hering: Mr. Gale’s acknowledgment of the usefulness 
of the thermal ohm agrees with statements made to me by others 
who have had to make calculations of heat flows. The fact 
that those who have used this unit find it useful, is the best 
kind of an endorsement. 

The names “‘ thermohm ”’ and ‘‘ therm” which he suggests 
may perhaps be considered better by some, as also the term 
“thom.” But in the writer’s opinion too much abbreviation 
sometimes involves a loss of time rather than a gain; this is apt 
to be the case when the longer name is self-explanatory and the 
shorter one requires a definition which one must look up. The 
writer favors self-explanatory names. 

Concerning Mr. Cowles’s remarks, I think he will find some of 
his criticisms answered in the paper itself. The generally used 
heat units are not based on the c. g. s. system, as he supposes; 
the unit of heat in the c. g. s. system is the erg, while in the in- 
dependent system it is the calorie. He is mistaken in saying 
that the watt is “‘ the rate of energy flow per second, per second;” 
the watt is a unit of power which is energy per second, and there- 
fore is a true measure of a flow of energy, or in general, of a 
transmission of energy from one place to another. Nor is a rate 
of flow of energy ‘‘ heat conducted per second, per second.” 
There seems to be no “ natural relation ’? between what he calls 
the thermic volt and the electric volt, nor between the thermal 
ohm and the electric ohm; they are merely analogous; they are 
totally different physical quantities, hence there can be no equiv- 
alent between them any more than there could be between 
a meter anda kilogram; the two latter are connected by the fact 
that a cubic.decimeter of water weighs a kilogram, and it might 
be possible that some such connection might be found between 
the thermal and their analogous electric units. 

An ampere is not ‘fone coulomb per second, per second,” but 
simply a “‘ coulomb per second.” There is no reason why the 
watt and ampere should “ correspond in their natures;”’ they are 


simply analogous when the watt is used in its broader sense of . 


a power unit. We ought to dismiss from our minds the idea that 
the watt is an electrical unit, which it is not; it is the decimal 
multiple of the c.g.s. unit of power and therefore measures power 
in any form, whether electrical, thermal, mechanical, chemical, 
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luminous, acoustical, etc. Mr. Cowles uses watts and joules 
indiscriminately as ‘‘ units of energy;” this is incorrect, joules 
are measures of energy and watts are measures of power, that is, 
rate of energy. He is also wrong in stating that resistance 
“multiplied by amperes squared, times seconds,” gives watts; 
it gives joules. A “‘ watt per second, per second,” is not “a 
rate of flow of energy.”? Many unfortunate errors have arisen 
in this confusion between power and energy, and it is often found 
today in the expression “ cost of a kilowatt,’’ when a kilowatt- 
hour or kilowatt-year is meant; a cost of power is meaningless 
unless the time in which it is used is also given. 

As I have already said, I think Mr. Cowles’s suggestion of a 
“thermic volt ”’ equal to 96,000 centigrade degrees would lead to 
complication rather than to simplification, and it would in- 
crease our already too numerous conversion factors; the writer 
has urged a reduction of these timesrobbing numbers rather than 
increasing them. 

Mr. Cowles is mistaken when he thinks that the watt, as used 
by me in the paper, expresses “‘ a quantity of energy;’’ it does not, 
it expresses a time rate of energy. The watt, as used for a flow 
of heat, already bears the same relation to the corresponding 
unit of heat in this same system (namely the joule), as the ampere 
bears to the coulomb, hence his suggestion to supply a new name 
is not necessary. : 

I cannot endorse Mr. Cowles’s suggestions and I have no reason 
to change my belief that great simplification would result in our 
calculations if we made all our units decimal multiples of the 
c.g.s. units, as the electrical units are, and that we should tend 
to go in that direction whenever there is an opportunity presented 
such as the introduction of a new unit where none has existed 
before, as was the case with the thermal ohm. 


——— ee 


A paper presented at the 29th Annual Con- 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 25, 1912. 


Copyright, 1912. By A. I. E. EB. 


VACUA 


BY W. R. WHITNEY 

The purpose of this article is to publish a few observations 
made in the research laboratory on some phenomena in vacua, 
as they may possibly be of interest to others who are working 
in the field of evacuated apparatus. 

The subject has a double interest because at first glance it 
seems difficult to see how there can be much ground for study, 
or material and phenomena for useful investigation, in such an 
apparently confined volume of nothingness as the vacuum of 
an incandescent lamp. The many actual developments from 
this lack of material are interesting, and there is the added 
interest due to the fact that there are to be found in these lamps 
examples of many of the phenomena of gaseous ions which are 
receiving so much study in our day. 

It has long been known that the life of an incandescent lamp 
is greatly influenced by the quality of its vacuum. In general, 
one may say that the better the vacuum, at least up to a certain 
point and until recently, the longer the life of the lamp. In 
the early days of lamp making, many schemes were devised 
to improve the vacua. This was then all the more necessary, 
as the mechanical methods of lamp-exhausting were very much 
inferior to present ones. The harmful effects of oxygen and 
water vapor, both of which reacted upon the filaments, were 
well known and many ways were devised for removing them. 

What seems to be an especially interesting method of supple- 
menting the vacuum pumps was the method of Malignani. 
This process, in its most perfect form, consisted in distilling 
into the bulb a small amount of some such substance as 
arsenic, sulphur, iodine, or phosphorus. At the instant when 
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one of these vapors was introduced, he passed a high 


current through the filament, the lamp being closed from. 


the pump. This has long been the common commercial pro- 
cess for lamps which are to operate on voltages above 50, and 
many millions of lamps have been exhausted by its aid. 

In case of incandescent lamps where the voltage is above 
50 for a fair brilliancy of filament, a blue discharge passes 
through the bulb and this blue quickly disappears when such 
vapors are introduced. The blue discharge seemed to be neces- 
sary for any considerable improvement of the vacuum, due to 
such vapors as phosphorus, and this led to the assumption that 
the gases still left in the lamp by the pump were removed 
quickly during the blue glow and probably by the vapors which 
were at the same time being deposited on the glass. Although 
the facts were pretty well known, we performed experiments 
to study the phenomena. It was found that when the vacuum 
was measured by a McLeod gage, the sudden marked improve- 
ment of vacuum was easily proven. For example, in experiments 
carried on by Mr. Willey, of the laboratory, when the pump had 
produced a vacuum of 0.030 mm. mercury and the cock leading 
to it was closed, a trace of phosphorus was distilled into the 
bulb while the filament was very hot and a blue glow had ap- 
peared; then about as quickly as the gage could be read the pres- 
sure had fallen to 0.002 or 0.001 mm. 

That this improvement of vacuum is quite commonly pro- 
duced when vapors of any kind are caused to condense in the 
space is not new. It even takes place markedly when the filament 


is first heated to very high temperature without added vapor, ~ 


and a blue glow also passes through the lamp at the time. Inim- 
proving the vacuum this latter way, however, it is known that 
the filament is injured and apparently a part of its material 
has been vaporized. This process soon causes blackening of 
the bulb by carbon. 

This vaporization of phosphorus into the lamp at the moment 
when the pump has done its work, has long been the commercial 
method of finishing the exhaustion of incandescent lamps. The 
fact that even the carbon alone tended to the same end, though 
at the expense of the filament, being recognized, it became 
of interest to get a clearer view of this phenomenon. 

In other words, if an incandescent lamp was burned while 
connected to a McLeod gage and the vacuum became poorer, 
the changes of vacuum might be measured by the gage from time 


; 
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to time. If, on the other hand, the vacuum improved go that the 
pressure tended to become less than the vapor pressure of mercury 
at the temperature of the gage, then the gage would not only not 
measure it, but the mercury vapor might even have affected 
the life of the lamp. When experiments were made to deter- 
mine the effect of the vapor of mercury at the low pressures 
corresponding to a micron, which is the vapor pressure of mercury 
at 15 deg. cent., very peculiar results were obtained and the 
lamps showed very early blackening. It looked as though even 
the presence of this constant mercury pressure was fatal to 
the lamp. Therefore the discovery of a more practical vacuum 
gage was desirable. 

Without committing ourselves to a theory, we can describe 
one or two interesting experiments with mercury vapor. It 
was first discovered that an incandescent lamp grew black 
very quickly when attached to a mercury column which served 
as a gage to indicate evolution of gas. No such combination 
could be made to last: over a few hours. The lamp blackened 
just as though it was in an imperfect vacuum. It is hard to 
see how the mercury can have any chemical effect upon the 
filament as oxygen or water have, and the effect is common to 
carbon and tungsten lamps. Many lamps were then made 
which were exhausted as perfect lamps are exhausted, except 
that a small quantity of mercury was left in the bulb. It was 
assumed that this would not interfere with the removal of air 
and moisture and might even assist by the washing effect of 
the mercury vapor, mechanically removing air. Lamps were 
also made in which a large quantity of mercury was placed, 
the lamp put into an oven above the boiling point of mercury 
and the air washed out by the distilling mercury, no pump being 
used. When the mercury was nearly all removed the bulb was 
sealed. This method, if no visible mercury is left in the 
bulb, is capable of giving good lamps, but where a visible drop 
of mercury was present the lamp would show a persistent blue 
glow and rapidly blacken, even below its normal voltage. In 
some cases it would arc between the leads, exactly as in the case 
of poorly exhausted lamps. 

Lamps were also made to which were attached tubes which 
catried small globules of mercury. When these side tubes 
were short and straight, such as one or two inches, and the lamp 
was exhausted as well as possible on the pump, the blackening 
of the bulb started at once when the entire glass was at ordinary 
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temperature. If the side tube with its mercury was then sub- 
merged in different cooling mixtures, the length of time for a 
given blackening was increased. For example, at room tem- 
perature the lamp would be blackened so as to correspond to 
80 per cent of its original can dlepower, ina few minutes. When 
the side tube containing the mercury was at 0 deg. cent. this 
time became two or three hours; and when cooled in a freezing 
mixture at 20 deg. cent. the life to 80 per cent was over 75 hours. 
Such differences were also noted when the pressure of mercury. 
vapor was controlled by using different cadmium amalgams, 
the amalgams higher in mercury corresponding to the shorter 
lamp life. 

It was interesting to note also that by lengthening the side 
tube containing the mercury, the rate of this deposition of fila- 
ment material in the bulb was decreased. 

In a set of experiments at ordinary temperatures the length 
of the side tube was increased and it was wound as a spiral. 
This reduced the rate at which the mercury could reach the bulb 
proper. In this case, instead of there being a continuous faint blue 
glow, as there is when the mercury is in a short side tube, the 
blue glow appeared and disappeared continuously and regularly. 
It looked as though there was a certain pressure of the vapor 
necessary before the blue discharge could occur and that when 
this was reached, the sudden discharge produced the blue and 
cleared the vacuum to a much lower pressure. Then mercury 
vapor distilled anew from the long side tube until again the neces- 
sary pressure was reached, when the process of clean-up repeated 
itself. 

If the lamp bulb was kept very hot, the blackening was re- 
duced and even done away with altogether, as though the 
deposition of the mercury vapor upon the glass by the discharge 
signalized by the blue glow, could not take place. If, however, 
water vapor was present, even in very small amount, the black- 
ening would take place very rapidly, even in the absence of 
mercury. In other words, most ordinarily exhausted lamps _ 
will blacken relatively quickly if allowed to burn in a heated 
oven. In general, the hotter the oven the more rapid the black- 
ening, but this process is largely, if not entirely, due toi mperfect 
exhaustion. All glass contains water which can be removed but 
slowly, even at relatively high temperatures. It has even been 
found that indefinite heating of a lamp connected to the vacuum 
pump is not capable of removal of all of this water. If exhaustion 
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be carried on for a very long time at room temperature, then 
merely raising the temperature will cause liberation of more gas, 
and after heating and exhausting to an equilibrium condition at 
say 200 deg.cent. more water will be produced on heating to 300 
deg. cent. and still more at 400 deg. For this reason it is custom- 
ary to exhaust at as high a temperature as possible. At 400 deg. 
cent. the ordinary glass has reached its limit, owing to the prox- 
imity of the softening point. For this reason we have had to 
exhaust the oven in which the lamps were being exhausted, and 
thus remove the atmospheric pressure, in order to study the 
water evolution at higher temperatures. 

For a long time it was impossible to follow the change of 
vacuum in a lamp, because the pressure could very evidently 
not be reduced below the vapor pressure of the mercury of the 
McLeod gage attached to the lamp. It has long been known, 
also, that the current passed through the space of the bulb to 
a considerable extent, and that this varied with the degree of 
vacuum,-etc. A very complete discussion and description of 
experiments on this so-called Edison effect are given by Pro- 
fessor Fleming, in Vol. 42 of the Philosophical Magazine. In 
general, the conclusions are that in the vacuum of an incandescent 
lamp a curfent can flow across the space from the negative 
and of the filament to any conductor in the bulb, if this 
be so located that particles passing in straight line from the 
negative leg may come into contact with this conductor. This 
_ latter was usually a small platinum plate, and to it, as anode, a 
continuous current flowed from the negative half, or end of the 
filament, except when it was intermittently shielded from direct 
emanations. The current, often of several milliamperes, was 
measured by a galvanometer connected between the metal plate 
and the positive terminal of the lamp. It is known that the 
materials of the filaments distill in straight lines and cast well- 
defined shadows, because the mean free path at this pressure 
is greater than the diameter of the bulb, and it was natural to 
assume that this vaporizing carbon carried electric charges of 
negative sign. This assumption might seem to require the 
more rapid wasting away of the negative half of the filament 
than the positive, but no data are present to prove this. When 
condenser charges were superposed on this apparatus it was 
found that with the negative end connected with the negative 
side of the condenser, the condenser was at once discharged. 
When connected oppositely, it was not discharged. Current 
could pass as negative from the hot conductor or filament, but 
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not from the cold plate, nor could positive current pass from 
either the hot or cold terminal. 

In connection with this work of Fleming’s, we have studied 
the effect of the condition of vacuum on the current, and also 
found that the presence of gas is necessary for this negative 
discharge. In general, the higher the pressure of the gas, 
when this does not exceed a few thousandths of a millimeter 
of mercury, the greater is the current. This makes it seem im- 
probable that the current is solely dependent on the passage of 
carbon or tungsten from the filament to the positive electrode, 
though it leaves the possibility open that the current may be 
carried by gaseous ions produced by negatively charged material 
coming from the negatively charged filament. 

By using alternating current and a metal electrode in a carbon 
lamp, Fleming obtained direct current on the circuit connect- 
ing the metal plate to either terminal of the lamp and the current 
was in the direction expected, the plate being negative to the 
terminal. 

This outfit is thus obviously a rectifier, and it has been so 
used by Fleming for low currents. 

The effect of a magnetic field on this gaseous conduction, just 
as in the case of metallic bismuth, is to increase the resistance. 

It was finally found that the Crookes radiometer was a very 
sensitive gage for the changes of pressure in lamps, and by its 
use the changes could be followed in a qualitative manner, even 
throughout the life of the lamp, by having the radiometer sealed 
directly to the lamp. Dewar has shown the sensitiveness of this 
apparatus in the Proc. Roy. Soc., 1907, 531. 

The radiometer consists of a glass bulb containing a perpendicu- 
larneedle witha glass cap on which are four aluminum arms with a 
mica vane at the end of each. One face of each mica vane is 
coated with lamp-black. When the radiometer is evacuated toa 
high degree, the effect of radiant energy or light is to cause rota- 
tion, which is believed to be due to the fact that the molecules of 
gas take up energy from the blackened surface of the vanes more 
than from the plain surfaces, the black absorbing more of the inci- 
dent energy and thus locally heating the gas molecules. These in 
the rarefied atmosphere largely give off this energy to the walls 
of the apparatus by direct impact, rather than to other molecules 
in the neighborhood of the vane. This results in a motion of the 
vane opposite to the motion of the gas molecules, because the 
unblackened face of the vane receives impact mostly from these 
cooler molecules. 
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The vacuum of the lamp as sealed from the pump approxi- 
mates a few microns and is poor enough so that the radiometer 
rotates rapidly when exposed to light. By using a fairly con- 
stant light intensity and noting its effect upon a radiometer 
attached to a lamp which was lighted for intervals, it was 
seen that the radiometer gradually rotated more and more slowly, 
and finally after a period of normal lamp brilliancy of from 12 to 
36 hours on tungsten lamps, it would stop rotating altogether. 
At this point it was found that a more sensitive measure of still 
higher vacua could be gained by starting in the dark by 
mechanical motion a rotation of the vanes of a definite speed, 
and noting the rate of speed decay on standing. This was 
done by proper spinning of the whole apparatus in the hand and 
then getting the rate of decrease in this rotation of the vanes by 
counting definite revolutions after definite time intervals. Here 
the friction of -the residual gases was merely overcoming the 
momentum imparted mechanically to the vanes at start. In 
this way, even by comparing the minutes required for the 
radiometer to come to a stop, quite interesting information was 
obtained. 

This method was not developed into a quantitative one, 
though it might have been. The radiometer method shows us, 
however, some interesting facts which are worth describing. 
Using the common type of radiometer often seen in jewelers’ 
windows and sealing this directly to alamp made for 110-volt 
circuit, the radiometer would rotate when in daylight. This 
showed the presence of some gas in the lamp, and the McLeod 
gage used at the time of sealing the lamp from the pump 
showed approximately 2 microns. If, now, the radiometer 
and the lamp were removed to a dark room and a rotating motion 
imparted to the vanes, they would proceed to rotate for about 
a minute, this time depending somewhat on the particular 
radiometer used, as well as on the condition of the vacuum. 

Since at the moment when the filament was at bright heat 
and the vacuum very poor (so poor, in fact, that if the pressure 
were maintained constant the lamp would blacken in a few 
minutes), the vacuum greatly improved, due to some action 
occurring together with spattering of the filament, it seemed 
important to know more about the phenomena. We assume that 
the gas at first present goes to the walls of the lamp and is held 
there, possibly absorbed by the small quantity of deposited fila- 
ment material. Itis always possible to drive the greater part of 
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it back into the vacuum space by warming the glass. It seemed 
perfectly possible that the process might be a cyclic one; that is, 
the gas carrying to the walls of the bulb some of the filament 
material and not of necessity remaining there, but possibly re- 
turning for a fresh supply. This continued process might 
account for the limited life of an incandescent lamp. It did not 
seem necessary to assume that there was any measurable rate 
of simple distillation from a carbon filament at the temperature 
of operation, though such a phenomenon could account for 
limited life of filament. It even seemed possible that the cyclic 
process, instead of being physical, might well be expressed as a 
chemical one, such as we know could exist, and might continue 
between the oxides of carbon and carbon itself. At the high 
temperature of the filament, carbon monoxid would be expected, 
but this, at a lower temperature, would form CO, and free carbon, 


_ 


the latter being deposited upon the glass. The free CO. coming ~ 


into contact with the hot carbon filament would again form 
carbon monoxid, and thus the process be repeated continuously 
until the filament was burned through or the lamp became too 
black to be of use. It was therefore desirable to get a closer 
insight into the phenomena in the lamp at a pressure of a few 
microns. 

Similar considerations can apply equally well to the case 


of tungsten filament lamps. In the case of osmium lamps this 


reasoning, extended, explains the fact that the presence of a 
little oxygen in the lamp was necessary to prevent blackening 
of the bulb by the deposited metal. A little oxygen in a carbon 
lamp might similarly remove deposited carbon from the glass 
and deposit it upon the filament, if the temperature at the two 
points were suitable, but with this element it seems impractic- 
able because the oxid formed is not easily reduced below the 
CO state, thus differing from osmium. 

While the lamp to which a radiometer was attached was not 
lighted, practically no change in vacuum could be detected by 
the radiometer. Therefore there is no leak of air from with- 
out. If, however, the lamp was lighted, the reverse was true. 
On allowing the lamp to be lighted for a few seconds only, and 
then cooling and testing in the dark room as before, the duration 
of rotation would usually be shorter, thus indicating a libera- 
tion of gas into the bulb space by this short time of burning. 
If, however, the lamp were allowed to burn at a normal bril- 
liancy for a longer time and the same vacuum test was made 
from time_to time on the unlighted lamp in the dark room, it 
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was found that the duration of the impressed rotation rapidly 
increased. In many cases a rotation lasting 15 minutes would 
be produced by allowing the lamp to burn 24 hours... This 
phenomenon of automatic vacuum improvement received the 
name of the “clean-up.” While the clean-up, as measured in 
this rough way, did not seem to take place in all lamps to 
the same degree, it was always present under ordinary conditions. 

Other types of vacuum lamps improved their vacua on 
running. In fact, no lamp, unless we except the mercury 
arc, fails todo so. The well-known Moore tubular system of 
lighting, which is a development of the Crookes tube, consumes 
the gas, and for that reason an automatic valve was invented 
which supplies air to the tube when the vacuum improves to a 
certain point. It is also an old story, in the case of the cathode 
and X-ray tubes. X-ray tubes are usually made with a salt, 
such as potassium chlorate or potassium hydrate, mica, asbestos, 
etc., in an attached side tube. This may be heated when the 


tube in use attains too high degree of evacuation, and in this 


way gas is liberated into the bulb. This is in turn removed 
from the vacuous space by the operation of the tube. A natural 
question is raised at once: what becomes of these disappearing 
gases? In some cases they are probably forced or shot into the 
glass itself, for some of these old glasses bubble on being heated 
to the softening point. Possibly the greater part of the gas is 
absorbed by the exceedingly finely divided metal, which slowly 
deposits on the glass as it vaporizes from the electrode. 

If an incandescent lamp, the vacuum of which had been thus 
cleaned up, was allowed to stand unlighted at ordinary tempera- 
ture, the vacuum, as indicated by the test, would gradually grow 
poorer, though it would seldom fall to the starting value. If the 
bulb were heated in an oven at 100 deg. cent. for a few moments, 
it would also show a poor vacuum again on cooling. If such 


a spoiled vacuum lamp was again lighted, it would at once 


commence to recover its previous high vacuum. There was no 
indication of a fatigue evinced in lamps thus treated. 

This explains the fact noticed in the case of most factory- 
made incandescent lamps, that their life at constant voltage 
varies with the external temperature. It is as though the gas, 
which is at first present in the space of the sealed bulb and is then 
thrown upon the walls by the clean-up, is also continually driven 
off from the walls at a rate dependent upon the wall temperature, 
and the deposition is bound up with some loss of filament 


material. 
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The experiments with the radiometers naturally led to at- 
tempts to develop more nearly quantitative apparatus which 
would still measure the low pressures of gas under consideration 
in incandescent lamps. Among the promising methods was 
that described by Pirarii (Ber. Deut. Phys. Ges. 1906, 686). This 
was further developed by Dr. Hale of this laboratory, as de- 
scribed in the Transactions of the American Electrochemical - 
Society, 1911. 

This gage depends on the principal that energy loss from a 
heated wire in the vacuum to be measured depends on the pressure 
of the gas present. When the temperature of this wire is low (100 
deg. cent., for example) the losses by radiation are relatively small, 
so that the rate of total loss at a constant temperature of wire 
would serve to determine the gas pressure. Conversely the tem- 
perature of this wire, if supplied with constant energy, from the 
battery, for example, would be higher, the lower the gas pressure. 
This latter scheme was adopted by Dr. Hale, and the gage 
consisted of a glass bulb sealed directly to the lamp to be meas- 
ured and contained about two feet of fine platinum wire. This 
was heated by a current of constant watts and the temperature 
of the wire was given by knowing its temperature resistance 
coefficient and measuring the actual resistance for the case in 
test. 

The measurement involved extrapolation towards perfect 
vacua from comparative measurements made with the new 
gage and the McLeod gage at pressures high enough so that 
the latter is reliable. Hale concluded that he could measure 
differences of pressure of one hundred-thousandth of a milli- 
meter of mercury, or a hundredth part of the vapor pressure of 
mercury at zero centigrade. Here was a gage which, unlike the 
McLeod, exerted no appreciable vapor pressure of its own and 
therefore could serve to indicate the existing pressure at any 
period of the life of the lamp. It could disclose the fact if 
gases were produced within the burning lamp, if the seals or 
glass leaked at all, and how the clean-up actually changed the 
vacuum as indicated by the radiometer experiments. In using 
this gage new and interesting phenomena were disclosed, which 
must be further studied. In certain cases vacua a little more 
than perfect are indicated by this gage, and this suggests pos- 
sible dissociation of the very attenuated gas. Barring this 
fact, it seems as though the clean-up effect proceeds to as nearly 
perfect vacuum as we can measure even qualitatively. 
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Discussion on “ Vacua” (WuitNEy), Boston, Mass., 
JUNE 25, 1912. 


A Member: Dr. Whitney refers to the gases which disappear 
from the incandescent lamp, and refers to the same phenomena 
in connection with the X-ray tube, and he calls attention to 
the fact that some of these old glasses from the old bulbs, either 
from the incandescent lamp or from the X-ray tube, bubble 
on being heated to the softening point. I hope that Dr. Whitney 
will clear up the claims of certain English physicists, and of 
German physicists, as to this matter. Dr. Robert Poole of the 
University of Berlin repeated some experiments made by an 
English physicist and he declares absolutely that the English- 
man is mistaken; that an old glass does not give off this gas 
when it is under pressure in a vacuum so that the gas would be 
given off, Dr. Whitney refers to the fact that the glass when 
heated to a softening point will bubble, referring to the old 
glass, and I know a new glass does this as well, the conditions 
being that the old glass or new glass must be in a vacuum of 
something less than one millimeter actual pressure. I hope 
that Dr. Whitney will clear up this point, because the question of 
where the gas goes to is really a question that is important. 

W.R. Whitney: I don’t want to try to clear that up yet, 
because we don’t know enough. There are various theories 
about it, but I cannot decide it. 

Alfred H. Cowles: Ina letter from A. H. Bucherer, of Bonn 
University, it is stated that in Europe they have a new method of 
creating a much higher vacuum than anything heretofore secured. 
I do not know whether that method is known in this country. 

W.R. Whitney: As a further contribution to the question of 
gases within the glass of old X-ray tubes, lamps, etc., I will add 
that such gas also appears in the glass of old mercury rectifiers. 
Mr. Van Brunt, of the research laboratory, heated in a blast lamp 
the glass side-arms of old mercury rectifiers. The portions of the 
glass near the anodes turned white. On microscopic examina- 
tion it was noted that this part of the glass was filled with minute 
bubbles which were not there prior to the heat treatment. They 
were within the glass itself, though much nearer the inner surface 
of the tube than the outer. This was shown by grinding and 
polishing in a plane which made a very acute angle with the sur- 
face of the glass. We did not consider the appearance of these 
gases in such glass an open question, but believe the question 
now is as to the source of the gas. Are these bubbles produced 
from gas which was dissolved or driven into the glass during the 
operation of the lamp or tube, or was the gas produced by a re- 
action between some injected material such as the electrode ma- 
terial and the material of the glass, or was it produced by the 
action of leakage current, static, etc., which caused a sort of elec- 
trolysis of the glass, the gaseous products remaining dissolved 
until the glass was subsequently heated? 
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METALLIC TUNGSTEN AND SOME OF ITS 
APPLICATIONS 


BY W. D. COOLIDGE 


Tungsten does not occur as such in nature, but in the form 
of compounds it is pretty well distributed. The most impor- 
tant ores are sheelite or calcium tungstate and wolframite or iron- 
manganese tungstate. The principal source of the ore at this 
time in this country is Boulder County, Colorado. 

From the ore it is a simple matter to get the yellow oxide 
(trioxide) of tungsten. And the trioxide may be reduced in 
various ways, as with hydrogen, zinc and carbon, to metallic 
tungsten. The product so obtained is in the shape of a powder 
ranging in color from gray to black, depending upon the fineness 
of its state of subdivision. 

Owing to its very high melting point, it was for a long time 
impossible to get the pure powdered metal into the form of a dense 
coherent homogeneous mass. Two Austrians, Messrs. Just 
and Hanaman!, working in Vienna, finally succeeded, however, 
in producing the pure metal in this condition and in filamentary 
form, and by using it as an incandescent filament became the 
inventors of the tungsten lamp. 

One of their processes consisted in first mixing the finely 
divided tungsten powder with a carbonaceous binding agent. 
The plastic mass so obtained was then extruded through a 
small orifice. The resulting thread was heated in the absence 
of air, to carbonize the binder. The fragile body so produced 
consisted of tungsten powder and carbon and was electrically con- 
ducting. Ifit had been used in this condition it would have been 


1. U. S. Patent No. 1,018,502. 
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worthless owing to the presence of carbon, which lowers the melt- 
ing point and besides this, slowly distills out in a vacuum, caus- 
ing a blackening of the lamp globe. But Just and Hanaman 
found that the carbon could be removed by heating the filament 
to a high temperature, by passing current through it, in an 
atmosphere of hydrogen and water vapor. This high tempera- 
ture treatment not only removes carbon but also causes the 
filament, under the action of capillary forces, to shrink to a dense 
homogeneous body. 

Various other processes were subsequently devised for mak- 
ing small filaments of pure tungsten. But these were all alike in 
this, that they started with the finely divided metal or oxide or 
some other compound of the metal. By the help of some agglom- 
erant, the finely divided material was then worked into a plastic 
mass. This was then brought into filamentary form by extrusion 
through a die, and was then raised to a high temperature under 
such conditions that nothing but pure tungsten remained, the 
filament sintering under the application of the high tempera- 
ture to a dense coherent body. 

Filaments produced in this way showed the melting point 
of pure tungsten (about 3000 deg. cent.) And they were very 
satisfactory as lamp filaments except in one respect—they were 
weak mechanically. They were, like spun glass, highly elastic 
but absolutely brittle; that is, they could not, by cold bending, 
be given the slightest permanent deformation. 

In the above-mentioned brittle condition, metallic tungsten 
had, as such, but one single commercial application, namely as a 
lamp filament. Thisapplication was, however, extremely impor- 
tant—so much so that a vast amount of the most painstaking — 
investigation work was carried out both in this country and 
abroad in the endeavor to produce a ductile form of tungsten. 
Without some such enormous commercial interest at stake, it 
seems extremely doubtful whether the product sought for would 
ever have been produced. For no one knew but what metallic 
tungsten, like the silicon of today, was, at room temperature, 
inherently brittle. And the evidence in support of the theory 
that it was inherently brittle was almost overwhelming. 

At a meeting of the Institute in May, 1910, the author pre- 
sented a paper’ telling of the successful reaching of the goal—the 
production of ductile tungsten. At that time samples of drawn 
wire were shown and the hope was expressed that within a short 
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2. Transactions A.I.E.E., 1910, Vol. XXIX, Part II, pp. 961 to 965. 
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time laboratory processes could be brought to a point where the 
public could profit by the new invention. This development has 
taken place so rapidly that today the bulk of the world’s supply 
of tungsten lamps is made from drawn wire. 

As has been said above, so long as tungsten was a brittle 
metal it found but one single technical application. But with 
the advent of ductile tungsten, the whole situation is changed, 
and the metal has now, apart from its use as a lamp filament, 
assumed a very considerable degree of technical importance. 

Before proceeding to a discussion of some of the new applica- 
tions it may be well to summarize here some of the most important 
properties of wrought tungsten. Most of these data have already 
been published.’ 

Physical Properties. Wrought tungsten is a bright steel- 
colored metal having the same density as gold, 19.3. (This 
varies somewhat with the amount of mechanical working which 
the specimen has had.) 

The strength and pliability both increase with the amount of 
mechanical working. The fracture may be very coarsely 
crystalline, or it may resemble that of a very fine grained 
tool steel or it may be fibrous and silky in appearance, or it 
may lie anywhere between these extremes, the appearance 
in each case depending upon the chemical purity and upon 
the preceding thermal and mechanical treatment. The tensile 
strengths measured have ranged from 460,000 lb. (208,652 
kg.) per sq. in. (6.45 sq. cm.) for a wire 0.005 in. 
(0.127 mm.) in diameter to 610,000 lb. (276,691 kg.) for a 0.0012- 
in. (0.0305 mm.) wire. 

Tungsten is hardened by working but not by heating and 
quenching. Similarly tungsten containing carbon is not appre- 
ciably affected by quenching. The hardness imparted by 
working may be entirely removed by carrying the metal to 
white heat. 

The ductility is extreme, as is shown by the fact that wire only 
0.0006 in. (0.0152 mm.) in diameter is now produced in large 
quantity. 

Tungsten is non-magnetic. 

The electrical resistivity at 25 deg. cent., expressed in microhms 
per centimeter cube, is 6.2 for the hard drawn wire and 5.0 for 


3. C. G. Fink, Transactions Am. Electrochem. Soc., Vol. 17, pp. 229 


to 234 (1910). 
W. E. Ruder, Jour. Amer. Chem. Soc., April, 1912. 
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the same annealed. The corresponding data for annealed cop- 
per and annealed platinum are 1.87 and 11.1 respectively. 

The temperature coefficient of electrical resistivity per degree 
between 0 deg. and 170 deg. cent. is 0.0051. 

Assuming the Franz-Wiedemann law to hold for the relation of 
heat to electrical conductivity, we may calculate the heat con- 
ductivity of annealed wrought tungsten to be 0.37 times that of 
copper and 2.2 times that of platinum. 

The coefficient of heat expansion per degree from 20 deg. to 
100 deg. cent., is 336 X 10-8, which is about 0.26 that of platinum. 

Chemical Properties. Wrought tungsten does not tarnish upon 
standing in the air. Upon heating it to a temperature of three 
or four hundred degrees, however, it oxidizes superficially and 
turns blue just as steel does. At bright red heat the oxide 
volatilizes and the metal wastes away more or less rapidly, 
depending upon the temperature. 

It is quite resistant to the action of most acids, being entirely 
unaffected at room temperature by either dilute or concentrated 
hydrofluoric, hydrochloric, nitric, and sulphuric acids. With 
aqua regia at room temperature the action is very slight. Ata 
higher temperature, 110 deg. cent., there is no action in the case 
of hydrofluoric, concentrated nitric and dilute sulphuric acids, 
while the action is but slight in the case of dilute and concentrated 
hydrochloric, concentrated sulphuric, dilute nitric, and aqua 
regia. There is no action in the case of a mixture of sul- 
phuric and chromic acids, but the metal dissolves rapidly in 
a mixture of hydrofluoric and nitric acids. 

An aqueous solution of caustic potash has no effect on wrought 
tungsten, but the fused salt does attack the metal slowly. 

In aqueous solutions of sodium or potassium carbonate or 
mixtures of the two, tungsten dissolves slowly, the action being 
considerably hastened by the addition of potassium nitrate. 


ELECTRICAL CONTACTS OF WROUGHT TUNGSTEN 


Under the conditions pertaining in many electrical make- 
and-break devices, as in magnetos, spark coils, voltage regula- 
tors, railway signal relays, telegraph and telephone relays, 
telegraph sending keys, etc., wrought tungsten has proved to be 
far superior to platinum or platinum-iridium for the contact 
points: 

This was not in any sense an obvious application, for tungsten 
is not, like platinum, a metal difficult to oxidize. It might well 
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have been assumed that under the heat of the minute arcs 
which form when the contacts are separated, the tungsten would 
oxidize at the points where arcing has taken place, and that non- 
conducting layers would thus be formed which would produce a 
high and variable contact resistance. In fact our first experiments 
bore out this theory. But subsequent work showed that the 
difficulty in these early experiments came from the fact that, at 
the time, we were unable to make a good thermal and electrical 
joint between the tungsten and the contact-carrying members. 
With the attainment of a good conducting joint, our results 
changed completely. The contacts no longer rose to the same 
high temperature and the oxidation decreased to little or nothing. 
Moreover, in case there was any oxidation, it was to the lower 
and ‘electrically conducting oxides. 

Tungsten contacts wear longer than those of platinum or 
platinum-iridium. This is doubtless due largely to the lower 
vapor pressure. At temperatures at which platinum volatilizes 
badly, tungsten has a very low vapor pressure. Besides this the 
heatconductivity of tungsten is more than twice that of platinum, 
and as a result, the contact faces do not rise to the same high 
temperature. (In comparison with platinum-iridium alloys, 
the ratio of heat conductivities is still more favorable to tung- 
sten). In connection with the life of contacts, another important 
consideration is that of hardness. Tungsten is so hard that it 
does not batter down at all under the continual hammering which 
the contacts get in service. 

Tungsten contacts show less tendency to stick than do con- 
tacts of platinum or platinum-iridium. This is to be attributed 
in part to the higher melting point of tungsten. There seems to 
be another factor here, however, for while we are able, by proper 
manipulation, securely to weld together two pieces of platinum 
at a temperature considerably below the melting point, it has 
not as yet been possible, except by actual fusion, to produce 
anything more than a very weak adhesion between two 
pieces of tungsten. j 

One minor and unexpected advantage connected with the use 
of tungsten contacts consists in the fact that they seem less 
sensitive to the accidental presence of oil than do platinum con- 
tacts. : 

Allusion has already been made to the difficulty at first ex- 
perienced in producing satisfactory thermal contact between 
tungsten and the metal comprising the contact-carrying member. 
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This was due to the fact that tungsten cannot be satisfactorily 
soldered by any of the ordinary processes. This difficulty has 
been overcome in the following way: The little disk of tungsten, 
which is to serve as contact point, is attached by means of copper 
to the head of aniron tack. Copper does not alloy with tungsten, 
but, under suitable conditions, it wets it, and then adheres 
firmly. This gives a joint of high thermal and electrical con- 
ductivity between the tungsten and the head of the iron tack. 
The shank of the tack is then either pressed in, or brazed, or 
riveted to the contact-carrying member. 


Wrovucut TUNGSTEN AS TARGET IN A RONTGEN (X-Ray) 
TUBE 


This has proved to be, both from the scientific and practical 
points of view, an exceptionally interesting application. 

Until recently platinum has been almost universally regarded 
as the best target material, and it has so long held undisputed 
sway in this field that the R6ntgen ray worker has come to look 
upon its limitations as inherent in the Réntgen tube. 

With the advent of dense, forged pieces of pure malleable 
tungsten, the possibilities of the Roéntgen tube are greatly 
extended. 

The desiderata in a material to be used as the anticathode 
or target are the following: 

1. High specific gravity. 

2. High melting point. 

3. High heat conductivity. 

4. Low vapor pressure at high temperature. 

The reasons why the above qualities are desirable follow 
readily from a brief consideration of the theory of Rontgen-ray 
production. 

From the concave cathode, electrically charged particles, the 
electrons, are shot out at high velocity in a direction normal to 
the surface. The paths of these particles converge and the target 
is placed at or near the point of strongest convergence, the focus 
point. When the electron meets an obstruction, as the target, 
its velocity is reduced, and the denser the target the more 
rapid is the retardation. The more rapid the retardation 
the greater is the amplitude of the electromagnetic pulse, the 
Réntgen-ray, sent out. Here, then, is a need for high specific 


gravity; that of forged tungsten is but little less than that of 
platinum. . 
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In modern Réntgen-ray practise, powerful apparatus, running 
sometimes to a capacity of 10 and even 15 kilowatts, is used to 
excite the tube. A considerable part (perhaps as much as one- 
third) of the energy delivered to the tube is transformed into 
heat at the point where the cathode rays bombard the target. 
Where platinum is used it has been found necessary, to prevent 
melting, to place the target beyond the focus of the cathode so 
as to spread the bombardment over a larger area. Asa radio- 
graph is a shadow picture, and as the source of the Réntgen-ray 
is the bombarded area of the target, this enlarging of that area is 
clearly an undesirable thing to do, as the larger area will mean 
more overlapping and less definition in the resulting picture. In 
this way, the melting point of platinum has been the limiting 
feature of the Réntgen tube. The capacity of the tube has been 
increased by water-cooling the platinum or by using as a target 
a large mass of copper having a very thin platinum face. But 
the limit, although raised by these artifices, has still been the 
melting point of the platinum. 

Tungsten has a much higher melting point (3000 deg. cent. as 
- against 1755 deg. for platinum), and so, even with sharp 
focusing of the cathode rays on the target, permits the use of 
more energy than has hitherto been possible; for the high tem- 
perature to which it can run enables it to radiate more heat, 
and its better heat conductivity permits a more rapid flow of - 
heat from the focus spot to the surrounding metal. 

Stability of vacuum in a Roéntgen tube is of the utmost im- 
portance, as the character of the rays is so largely determined 
by the vacuum. Metal, which, under the influence of the high 
temperature, vaporizes from the target, condenses on the glass ~ 
in finely divided form and absorbs relatively large amounts of 
gas, thus changing the vacuum. At high temperatures tung- 
sten vaporizes least of all the metals. 

Two distinct types of tungsten target are being tried out 
experimentally in competition with one another. 

The first of these consists of a heavy copper block with a disk 
of wrought tungsten attached to the face. This is similar to 
the platinum targets which have been in use for some years. 
The function of the copper is simply to conduct heat away from 
the tungsten and to act as a heat storage reservoir. In this 
latter capacity it is much more effective than would at first 
seem possible, owing to the fact that while the rate of energy 
input is high the time is correspondingly short, a single excita- 
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tion of the tube lasting for perhaps only a half second. It is 
interesting to note that it would take an energy input of over 
60 kilowatts acting for a second to raise the temperature of a 
half-pound mass of copper by 700 deg. cent. 

The second type is for the first time made possible by the ad- 
vent of wrought tungsten. In this type, the target consists 
entirely of refractory metal, and this is allowed to heat up to 
such temperatures that it is capable of radiating relatively large 
quantities of energy. Tungsten at its melting point is capable 
of radiating about 375 watts per sq. cm. This means that a 
tungsten disk 3 cm. in diameter and 0.2 cm. thick would, if its 
entire mass were at the melting point, be radiating energy at 
the rate of over 5 kilowatts. (The same cylinder, if made of 
platinum and run at 1750 deg., the melting point of platinum, 
would radiate only about one-twentieth as much). It would 
not of course be practicable to run the entire tungsten mass at 
the melting point, and, owing to the resistance to heat flow, 
the focal spot would of course come to the melting point while 
the periphery was at a considerably lower temperature. But 
such a target would at least be able to radiate, continuously, rel- 
atively large amounts of energy. 

The target has, for a long time, been the most vulnerable 
point in the tube, but this is no longer true. For either of the 
above types of tungsten target can be made so good that failure 
of the tubes as they are now built will be due to other causes. 


THE TUNGSTEN- OR MoOLYBDENUM-WoUND ELECTRIC FURNACE 


This has been fully described in an article by Winne and 
-Dantsizen‘. This is not only a useful adjunct to scientific 
investigation work, but has already become a very im- 
portant factory tool. When wound upon a body of alundum, 
either of these metals makes possible the attainment of higher 
temperatures than can be obtained with a platinum-wound 
furnace. And as refractories of higher and higher melting points 
are produced the temperature range of this furnace will be 
extended. 


TUNGSTEN PROJECTILES 


The use of wrought tungsten as a projectile is being carefully 
investigated. It offers, in this field, possibilities not possessed 
by any other metal. 


4. R. Winne & C. Dantsizen, Transactions Am. Electrochem. Soc. 
Vol. 20, pp. 287 to 290 (1911). 
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The present small arm service projectile ig made of lead with 
a jacket of copper-nickel alloy. The principal advantage of 
lead over iron, which would of course be cheaper, is that it has 
a higher specific gravity. Because of this fact a lead bullet 
will have a smaller cross-section, and will therefore encounter less 
air resistance to its flight, than will an iron bullet of the same 
weight, and will therefore give a flatter trajectory and longer 
range. An iron bullet of the same diameter as the lead bullet 
could of course be given the same weight by increasing its length. 
But this would at once necessitate giving it a higher rotational 
velocity to keep its axis tangential to its flight. To impart this 
added rotational velocity calls for the expenditure of energy 
and so leaves less for velocity of translation. The lead bullet, 
then, with its higher density makes possible a flatter trajectory 
and longer range. With the exception of tungsten, lead is the 
densest metal which can be considered for this purpose, for 
gold is the cheapest of the other elements having a higher speci- 
fic gravity than lead. The density of wrought tungsten is 
19.3 while that of lead is 11.5. 

For military purposes, the softness of lead is not an advantage, 
a soft-nosed bullet being tabooed in civilized warfare. For this 
reason and because of the fact that it is too weak to hold the 
rifling, it has to be jacketed with the copper-nickel alloy. To 
take the rifling and to act as a gas check, the tungsten bullet 
will require a copper band or its equivalent at the base. 

The hardness and high tensile strength of wrought tungsten 
will give high penetrating power. 

The high melting point of tungsten will prevent it from being 
harmfully upset at the base by the combined action of the high 
temperature and rapid impact due to the combustion of the 
powder charge. (An unsymmetrical upsetting of the base of 
a projectile is very prejudicial to accuracy). 

It would be a very simple matter to calculate the constants 
of the trajectory of a tungsten projectile were it not for the fact 
that the high density removes it too far from the present base 
line. For such calculations one quantity is lacking, the so-called 
‘form factor.’’ This factor could itself be calculated if it con- 
tained, as the name would seem to imply, only the dimensions 
and the specific gravity, but there are also involved in it all of 
the errors due to simplifying assumptions which have been made 
in connection with the mathematical derivation of formulas. 
It therefore becomes necessary to determine experimentally the 
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constants of the trajectory of tungsten bullets, and this work is 
now being carried out. 


CHEMICAL WARE OF TUNGSTEN 
Because of its inertness to many chemical agents, wrought 
tungsten in the form of dishes is certain to find many industrial 
applications. Small dishes have already been made successfully, 
and work is already under way looking to the production of 
larger sizes. 
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THE CONVECTION AND CONDUCTION OF HEAT 
IN GASES 


BY IRVING LANGMUIR 


‘ 


In a previous paper! the author has shown that the ‘ convec- 
tion’’ of heat from hot wires in a gas consists essentially of 
conduction through a film of relatively stationary gas around the 
wire. From this theory the following method was derived for 
calculating the power necessary to maintain a wire at any given 
temperature. 

The loss of energy from a wire is made up of two parts, radia- 
tion and convection. Let us call this convection W, expressed 
in watts per cm. of length of the wire. Then W is equal to the 
product of two factors, thus 


W = Ss (¢2 — $1) (1) 


9 


The first factor, s, is called the ‘‘ shape factor ’’ and depends 
only on the ratio of the diameter of the wire, a, to the diameter, 
b, of the conducting film around the wire. This relation is 


SSN 3 : 
+ iptegaes (2) 
ln — 
a 


But s can be calculated directly, without a knowledge of the 
film diameter 6, by solving the following equation: 


22 


ene s 
Beso (3) 


1. Physical Review, Vol. 34, p. 401, (1912). 
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Here a is the diameter of the wire and B is the thickness of the 
conducting film for the case of convection from a plane surface. 

The second factor in (1) is g2 — ¢1 where ¢ depends only on 
the heat conductivity of the air, k, (in watts per cm.) and the 
temperature of the wire and of the atmosphere. Thus 


Ty T 
Cian i k dT Y2 = i k dT (4) 
0 


0 


Here 7, is the temperature of the atmosphere and J» the 
temperature of the wire. 

Both of the operations involved in (3) and (4) are made very 
easy by plotting two curves, one giving the relation of s to 


ea and the other relation of g to T. Data for the plotting of 


these curves are given in the paper referred to above. © 

Thus the only data necessary for a calculation of the free 
convection from a horizontal wire (of given diameter and tem- 
perature) in a gas of known temperature, are 

1. The heat conductivity of the gas as a function of the 
temperature. 

2. The value of B. 

It was shown experimentally that for air at room temperature 
and atmospheric pressure, B is equal to 0.48 cm. and is indepen- 
dent of the temperature, T2, of the wire, even when this varies 
from slightly above room temperature up to the melting point 
of platinum. 

It was shown that with five different sizes of wire ranging from 
a = 0.0088 cm. up to a = 0.0500 cm., the energy W calculated 
from (1) and (8) agreed excellently with experiments. This is 
equivalent to saying that the experimentally determined values 
of B were found to be independent of the diameter of the wire 
used in the experiment. 

The theory would indicate that B should vary with 

1. The nature of the gas. 

2. The pressure of the gas. 

3. The temperature of the gas. 

4. In the case of forced convection, B should vary with the 
wind velocity. 

The present paper will deal with the effect of the second and 
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fourth of the above factors on the thickness of the conducting 
film. 

Kennelly in his excellent paper on The Convection of Heat 
from Small Copper Wires? has investigated the effect of the 
following factors: 

1. Diameter of wire. Varied from 0.011 to 0.069 cm. 

2. Temperature of wire. With the free convection tests this varied 
from 40 deg. cent. to 200 deg. cent., but with the forced convection tem- 
peratures as high as 325 deg. cent. were used. 

3. Pressure of air. Varied from 12 up to 190 cm. of mercury. 

4. Wind velocity. Varied from 0 up to 2000 cm. per second. 

He did not investigate other gases than air, nor try air at 
other than room temperature. 

Kennelly derives certain purely empirical formulas to express 
his results. Combining them, he gives for W, the watts lost by 
free convection per cm. of length, 


W = (0.0004 + 0.00642) (T, — T, P° °V* (5) 


where a is the diameter of the wire and P is the pressure of air 
in atmospheres. 
For forced convection he finds 


W = (0.00003 + 0.00580a) (T2 — T:) Vv + 25 (6) 


where v is the wind velocity in cm. per sec. 

Thus to express his results on free convection he needs to use 
four empirical constants and to express the results on forced 
convection three more are needed. But even with all these 
empirical constants, the calculated values do not agree very well 
with the experiments. The average difference between the cal- 
culated and observed values of W for experiments on free con- 
vection is approximately 12 per cent, while in one experiment 
the differences are as high as 30 per cent. 

Let us now analyze Kennelly’s data more closely andapply to 
then the theory of the conducting film, thus deriving the relation 
between the film thickness B and the pressure and wind velocity 


of the air. 
KENNELLY’S DATA ON FREE CONVECTION 


The experimental results on free convection are given by 
Kennelly in ten logarithmic plots, the coordinates being 


2. Transactions A. I. E. E., 1909, Vol. XXVIII, I, p. 363. 
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pressures and current through the wire. He does not give the 
resistances of the wires at the temperature of the experiment, 
but does give the resistance of each of the wires at 0 deg. cent. and 
gives the elevation of temperature above room temperature, 
calculated from the resistance. He used for this calculation the © 


formula 
Rz = Ro (1 + 0.0042 T,) 


where R; is the resistance at the temperature T, (in deg. cent.) 
and Ro is the resistance at 0 deg. cent. He did not measure the 
temperature coefficient of the wire used, but assumed that the 
wires were of pure copper and that the temperature coefficient 
was that given above. He does not state the room temperature 
during the experiments, so I have assumed it to be 20 deg. cent., 
and have thus calculated the resistance of the wires from his 
data on the temperature elevation above room temperature 
and from the given temperature coefficient. By taking the 
product of the resistance per cm. and the square of the current, 
I have then calculated W, the watts per cm. supplied to the wire. 
This is given in the following tables as ‘‘ W obs. ”’ 

Kennelly is very uncertain as to how large the correction for 
radiation should be, and finally assumes that the copper wires 
radiate 94 per cent as much as a black body at the same temper- 
ature. This correction amounts to about ‘2 per cent for the 
smallest wire and becomes about 8 per cent of the total energy 
for the largest wire. But there are ample data in the literature 
to show that radiation from a bright metallic surface is very 
much less than 94 per cent of that from a black body. A great 
deal of recent work has shown conclusively that the reflectivity, 
r, of any metal for heat rays of wave length longer than \ = 6 wis 
accurately given by Hagen and Ruben’s formula’ 


1-1 = 0.365 4/% 


where o = specific electrical resistance of the metal 

\ = wave length of the light. 
By Wien’s displacement law the wave length Xx of the light of 
greatest intensity in the spectrum from a black body at temper- 
ature T is 


3. Ann. Phys., 8. 1, 1902. 
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Therefore for radiation of heat at room temperature, about 300 
deg. K.4, the wave length would be about 0.0009 cm. or Ou. 
Now for copper ¢o= 1.7 xX 10- 
and for platinum o = 11.0 < 10-8 
Whence approximately 
for copper i — 1. =-0,0158 
and for platinum 1 — r = 0.040. 


That is, at room temperature copper would radiate 1.6 per 
cent and platinum about 4.0 per cent as much asa black body. 
This result for platinum is in fairly good agreement with Lummer 
and Kurlbaum’s® measurements on the radiation from platinum. 
In any case, it is a very safe conclusion that the radiation from 
bright copper surfaces is much less than 50 per cent and there- 
fore that it would have been better if Kennelly had neglected 
radiation, instead of correcting for it. 

Therefore, in using Kennelly’s data, we shall use the total 
watts as observed, rather than the values he gives for convection. 
At the relatively low temperatures at which his experiments were 
carried on, radiation probably does not exceed one per cent of the 
total losses. 

In Table I the first column gives the diameter of the 
wire in cm. The second column gives the temperature eleva- 
tion above room temperature given by Kennelly and calculated 
by him from the resistance. In the second column there is also 
given g2 — ¢1, taken from a very large scale curve prepared 
from the data given in the previous paper. 7 is assumed to be 
293 deg. K. The third column gives the resistance per cm. of 
length of the wire, calculated from the resistance at 0 deg. cent. 
given by Kennelly and from the temperature coefficient 0.0042 
used by him in calculating 7; — 7;. Hence any error in assum- 
ing a wrong value for this temperature coefficient is eliminated. 

In the fourth and fifth columns are the data obtained directly 
from the plots given by Kennelly. Smooth curves were drawn 
through the points given by Kennelly without any reference 
to the straight lines that he uses to express his results. The 
ordinates of these curves at three or four well-distributed pres- 
sures were read off and are given in column V. The pres- 
sures are given in megabars (i.¢., 0.987 atmospheric pressure). 
Incolumn VI are given the watts per cm. obtained simply by 
multiplying the figures in column III by the square of the 


4. Degrees Kelvin (absolute eepecanmel, 
5. Verh. Phys. Ges., Berlin, 17, 106, 1898. 
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TABLE I 
KENNELLY'S EXPERIMENTS ON FREE CONVECTION 
I Tt he at IV Vv VI vit} ver] Saxe 
; Pres- | } 
Diam. | T2—T,| Resist- sure 
of and ance ix Amps. | W obs. | W cale.| B obs. B, cale n 
wire | ¢di—¢y ohms mega- : cm. cm. 
cm. cm. bars 
0.0114 | 165.0 | 0.0273 | 0.325 1.72 | 0.0810 | 0.0811 1.04 0.46 |-0.73 
1.00 1.89 | 0.0978 | 0.0980 0.44 
1.70 1.98 | 0.1072 | 0.1017 0.31 
0.0497 2.25 2.02 | 0.1114 | 0.1142 0.27 
0.0114 95.9 | 0.0228 | 0.35 1.47 | 0.0494 | 0.0439 0.54 0.49 |-0.94? 
1.00 1.50 | 0.0513 | 0.0524 0.49 
1.50 1.56 | 0.0556 | 0.0569 0.35 
0.0266 2.25 1.65 | 0.0621 | 0.0612 0.23 
0.0114 59.6 | 0.0205 | 0.33 1.13 | 0.0261 | 0.0260 0.95 0.46 |-0.80 
1.00 1.21 | 0.0300 | 0.0312 0.50 
1.50 1.27 | 0.0330 | 0.0337 0.35 
0.0158 2.25 1.36 | 0.0379 | 0.0364 0.21 
0.0262 58.8 |0.00392 | 0.40 2.80 | 0.0308 | 0.0320 0.99 0.45 |-0.84 
1.00 3.11 | 0.0380 | 0.0381 0.44 
0.0156 2.00 3.41 | 0.0455 0446 0.24 
0.0262 46.4 |0.00377 | 0.30 2.34 | 0.0206 | 0.0235 1.92 0.59 |-0.95 
0.60 2.55 | 0.0245 | 0.0268 0.91 
1.00 2.70 | 0.0275 | 0.0296 0.56 
0.0121 2.00 2.95 | 0.0328 | 0.0346 0.31 
0.0262 37.8 |0.00367 | 0.70 2.18 0175 | 0.0220 1.47 0.96?|-1.28? 
1,25 2.38 | 0.0208 | 0.0249 0.73 
0.0097 2.00 2.59 | 0.0246 | 0.0277 0.39 
0.0262 15.1 |0.00326 | 0.30 1.53 | 0.0076 || 0.0074 0.92 0.35 |-0.86 
0.60 1.65 | 0.0089 | 0.0084 0.51 
1.00 1.73 | 0.0098 | 0.0093 0.36 
0.0038 2.00 1.95 | 0.0124 | 0.0109 0.17 
0.0691 | 179.8 |0.000770| 0.33 14.3 0.1575 | 0.139 0.68 0.32 |-0.77 
1.00 16.5 0.2100 | 0.181 0.34 
1.50 17.5 0.236 0.204 0.22 
0.0550 2.25 18.4 0.261 0.227 0.17 
0.0691 77.2 |0.000591| 0.37 10.0 0.0591 | 0.0545 0.71 0.34 |-0.75 
1.00 11.4 0.0770 | 0.0693 0.33 
1.50 12.2 0.0880 | 0.0777 0.23 
0.0210 2.25 12.9 0.0984 | 0.0868 0.17 
0.0691 18.3 |0.000489} 0.50 5.3 0.0138 | 0.0128 0.57 0.38 |-0.66 
1.00 5.7 0.0159 | 0.0152 0.38 , 
0.0046 2.00 6.25 | 0.0192 | 0.0185 0.23 
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figures in column V. For the reasons already given, no cor- 
rection for radiation was made. 
In column VIII are given the values of B, calculated as follows: 
The value of s is found (equation 1) by dividing W (column 
VI) by (¢2 — ¢:) (column II). From a curve of equation (3) 


drawn from data in the previous paper, the value of ae 


corresponding to the given value of s was found. This quantity 
divided into a, the diameter of the wire (column I), gives B 
(column VIII). 

It was thought that B would be found to vary in inverse pro- 
portion to the pressure. In the previous paper the hypothesis 
was advanced that B would vary proportionally to the viscosity 
and in inverse proportion to the density of the gas. This, 
however, was not very well borne out by experiments in hydrogen 
and mercury vapor. According to this hypothesis, B should 
vary inversely with the first power of the pressure, for the 
viscosity is independent of the pressure. 

It will be observed, however, that the product obtained by 
multiplying together the values in columns IV and VIII shows 
a very distinct tendency to increase with the pressure. The 
quantity B was therefore plotted on logarithmic paper, as a 
function of P, with the result that the points were found in 
nearly every case to lie in straight lines. For each of the experi- 
ments with a wire at any given temperature, a straight line was 
drawn in this way. The ordinate of these lines for a pressure 
of one megabar was read off and is given in Table I, in 
column IX. The slope of the straight line, m, is given in column 
X. The fact that the logarithmic plots gave practically straight 
lines means that B varies with the mth power of the pressure. 
The values of ” in the different experiments do not show any 
distinct tendency to vary either with a or with the temperature. 
By a careful study of the curves, the most probable value of n 
was thought to be about - 0.75. It is true that the average of 
the values of 2 is numerically larger than 0.75, but the sets of ex- 
periments which seem to be most free from experimental error 
give values close to this. 

To test the accuracy of this conclusion, the figures in column 
VII were calculated, based on the following assumptions: 

1. The thickness of the plane film, B, for air at room temperature and 
760 mm. pressure, is 0.43 cm. This is the value found from the experi- 
ments on platinum wires described in the previous paper. 


1236 LANGMUIR: HEAT [June 25 


2. That B varies inversely as the 0.75th power of the oe (Py; 
At a pressure of 1 megabar B would be 0.436 cm. 


By aid of the above assumptions, the values of B were 


calculated, and from these the ratios —.,- ; then s was found by 


tts 
B 


the plot of (3), and this was multiplied by (g2 — ¢1) (column 
II), to obtain ‘‘ W calc.’ in column VII. 

The agreement between the calculated convection and that 
observed by Kennelly is strikingly good. The only serious 
discrepancy between the two occurs with the largest wire at the 
highest temperature. This discrepancy may perhaps largely be 
accounted for by radiation. A “ black” wire of 0.069 cm. 
diameter at a temperature of 179 deg. above room tem- 
perature would radiate about 0.050 watts per cm. A polished 
copper wire would radiate only about 0.001 watt, but if the 
surface is slightly oxidized or tarnished, it might easily radiate 
much more. The difference between the calculated and observed 
watts is only about 0.025, so that if the wire should radiate 50 
per cent as much as a black body this difference would be 
accounted for. 

It is interesting to note that with only two empirically deter- 
mined constants, the equation (1) allows a much closer calcula- 
tion of W than did Kennelly’s equation with its four empirical 
constants. 


KENNELLY’S DATA ON FORCED CONVECTION 

By forced convection Kennelly means the convection of heat 
from a wire which is moving rapidly relatively to the surrounding 
air. 

Kennelly’s results on forced convection are given in two loga- 
rithmic plots. In one the amperes are plotted against the wind 
velocity and in the other the watts per cm. of length are plotted 
against wind velocity. He has corrected the watts as before for 
radiation, but in this case the loss by convection is so great that 
the radiation correction is small enough to be quite negligible. 
Therefore I have taken Kennelly’s results for the watts directly 
and have not calculated them from the amperes, as in the case 
of free convection. Table II gives a summary of Kennelly’s 
experimental data. 

The third and fourth columns were obtained, as before, by 
drawing smooth curves as nearly as possible through the points 
given by Kennelly, without any reference to the straight lines 


2 
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TABLE, II 
KENNELLY’S EXPERIMENTS ON FORCED CONVECTION 
I II or IV Vv VI VII VIII 
Diameter Wind 
of T:—-T, | velocity W obs. W calc. B Booo Baoo 
wire ie Ba, race rates xX 103 obs. cale. 
cm. 2— 1 iS = ara cm. x 103 | x 103 
0.0101 106 520 0.220 0.222 10.0 6.55 6.56 
900 0.280 0.281 6.55 
0.0298 1800 0.388 0.390 3.90 
0.0101 179 400 0.320 0.350 16.0 8.1 7.29 
900 0.466 0.485 7.8 
0.0550 1800 0.650 0.671 4.65 
0.0101 252 400 0.486 0.502 15.9 8.4 8.02 
900 0.690 0.693 8.13 
0.0830 1800 0.960 0.950 4.75 
0.0159 117 330 0.250 0.262 15.5 eu 6.68 
900 0.408 0.415 6.89 
0.0335 1800 0.590 0.596 4.05 
0.0159 211 330 0.490 0.487 16.2 7.6 7.60 
900 0.760 0.757 7.68 
0.0670 1800 1.100 1.079 4.45 
0.0159 305 330 0.720 0.735 18.5 8.5 8.55 
900 1.130 te) 3.46 
0.1060 1800 1.600 1.590 4.99 
0.0204 51 800 0.217 0.200 5.81 5.9 6.00 
1300 0.252 0.260 4.75 
0.0134 1800 0.314 0.315 3.60 
0.0204 128 210 0.297 0.274 17.6 6.3 6.78 
400 0.380 0.362 11.45 
900 0.570 0.536 6.25 
0.0370 1800 0.810 0.788 3.89 
0.0204 206 210 0.475 0.453 20.8 ee 7.56 
400 0.620 0.596 13.0 
900 0.910 0.896 7.16 
0.0650 1800 1.280 1.280 4.48 
0.0204 283 210 0.660 0.642 23.4 7.9 8.33 
400 0.880 0.835 14.0 
900 1.260 1.215 7.96 
0.0965 1800 1.780 1.758 4.87 
| 
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plotted by him. The figures in columns III and IV of the table 
represent simply three or four well-distributed points taken from 
these curves. 

The thickness, B, of the plane film (column VI) was calculated 
similarly to B in Table I. 

It is seen that B decreases as the wind velocity increases. 
To study the law with which this varies, B was plotted against 
V on logarithmic paper and a series of parallel straight lines was 
obtained. The slope of these lines was—0.75. In other words, 
B varies inversely as the 0.75th power of the wind velocity. 

The ordinates of these straight lines corresponding to the 
abscissa V = 900 are given in column VII. 

It is seen that Booo increases distinctly as the temperature 
difference T, — JT, increases. But it apparently does not per- 
ceptibly depend on the diameter of the wire. By plotting Booo 
against T, — T, it was found that the following equation gives 
a fairly good approximation of Bgoo 


Byoy = 0.0055 + 0.000010 (72 — Ti) (7) 


Column VIII gives the values of Bgoo calculated from this 
formula. 

In the case of free convection, it will be remembered that B 
was found to be independent of the temperature T», of the wire, 
even up to the melting point of platinum. The reason that the 
temperature enters here is probably that with forced convection 
the viscosity of the inner and hotter portions of the gas film 
is a factor determining the thickness of the film, whereas in the 
case of free convection only the viscosity of the outer portions 
is of importance. Between the temperatures 300 deg. and 
600 deg. K, the temperature coefficient of the viscosity, h, 
is 0.00219, whereas the temperature coefficient of Bgoo is 0.00001 


+ 0.0055 = 0.00180, or about 88 per cent of that of the visco- | 


sity. In other words, for forced convection B is approximately 
proportional to the viscosity of the gas at a point 4 of the way 
from the surface of the wire to the outer edge of the film. 

The values of W given in column V were calculated by first 
determining B for the wind velocity given in column III by 
means of the relation 


éB a (oe a 


Fee V (8) 


From this value of B, W was calculated in the usual way. 
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If we assume that equation (8) holds down to very low velo- 
cities and substitute for B the value 0.43 cm. found for free 
convection and for Booo the value from (7), we find for the velo- 
city Vo which exists in free convection 


Vo = 2.7 [1 + 0.0024 (T2 — T;)] cm. per sec. 


Kennelly had concluded from his observations that the energy 
loss from the wires varied directly as the square root of the wind 
velocity. According to the present theory this could only occur 
for wires of a certain size. 

In case the diameter of the wire is large compared to the film 
thickness B, we should expect the energy to be inversely pro- 
portional to B; that is, directly proportional to the 0.75th power 
of the wind velocity. For wires of smaller size the energy would 
vary less rapidly with the wind velocity, so that for wires of a 
certain size it would vary approximately with the square root 
of the wind velocity. 

Kennelly’s experiments cover only such a narrow range of 
sizes of wire that his data furnish no way of testing this deduction 
from the theory. But it should be pointed out that many other 
observers have concluded in experiments on the rate of solu- 
tions of solids in liquids and other similar phenomena, that the 
thickness of the diffusion film varies inversely as the 0.70th or 
0.75th power of the rate of stirring. Asfaras know however,the 
case where the size of the wire is small compared to thickness of 
the film has not been handled. 


SUMMARY 


Kennelly’s data on The Convection of Heat from Small 
Copper Wires afford strong proof of the reliability and useful- 
ness of the author’s theory of convection. According to this 
theory, “convection ’’ consists essentially in conduction of 
heat through a film of gas of definite thickness, in which the 
heat carried by motion of the gasis negligible compared to that 
carried by conduction, and outside of which the temperature is 
maintained uniform because of convection currents. The thick- 
ness of the film of gas is related in a simple way to the diameter 
of the wire, so that from the experiments the thickness B, which 
the film would have in case of a plane surface, can be readily 
calculated. 

Previous results of the author have shown that 

1. The quantity B, for quiet air at room temperature and one at- 
mosphere pressure, is equal to 0.43 cm. 
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2. Bis independent of the temperature of the wire, from room tempera- 
ture up to the melting point of platinum, 1750 deg. cent. 

3. The values of B obtained from experiments on wires of different 
sizes are found to be the same. 


In the present paper it is shown that Kennelly’s results confirm 
the above conclusions and furthermore lead to the following new 
conclusions: 


4. The film thickness (for plane surface) B varies inversely as the 
0.75th power of the pressure of the gas. 

5. The value of B varies inversely as the 0.75th power of the wind 
velocity. 

6. Although for free convection, B was found independent of the tem- 
perature of the wire, it is found that for forced convection B increases 
slightly with the temperature. See equation (7). 

7. For forced convection, however, the value of B is found independent 
of the diameter of the wire, just as in the case of free convection. 

8. Radiation from small metallic wires is practically negligible compared 
to convection, up to temperatures of several hundred degrees. 


In a series of subsequent papers® it will be shown that 


1. The value of B increases approximately proportionally to the abso- 
lute temperature of the atmosphere surrounding the wire, even when 
the latter varies from —190 deg. to 300 deg. cent. 

2. The value of B found from actual experiments on the convection 
from plane surfaces agrees excellently with the value found from small 
wires. In the case of plane surfaces, however, the radiation loss is usually 
much greater than that by convection, so that a careful study of the 
radiating properties of the surface has to be made. It will be shown that 
the convection losses from cylinders of any size, as well as from plane 
surfaces, can be accurately calculated from the formulas given in this 
paper. 

3. In the case of convection between two surfaces (for example, between 
two concentric cylinders or two boxes one in the other), the theory of the 
conducting film proves extremely useful and makes it possible to cal- 
culate nearly all simple cases of heat convection with reasonable accuracy. 


These papers will also contain evidence of many kinds which 
will clearly indicate the significance of the conducting film. 


6. The first of these will appear in the Trans. Amer. Electrochemical 
Soc., Vol. 23, (1913). 
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Discussion on “ Merarric TUNGSTEN AND SoME oF ITS APPLI- 
CATIONS ” (COOLIDGE), AND “ THE CoNVECTION AND Con- 
DUCTION OF Heat IN Gases ” (LANGMurR), Boston, Mass., 
JUNE 25, 1912. 


C. M. Green: Dr. Weintraub of the research laboratory at 
Lynn has suggested a new use of tungsten, that is as a substitute 
for platinum leading-in wire for rectifier tubes. I am thoroughly 
satisfied from experiments I have made that it will be better than 
platinum. The specific resistance is about one-half that of 
platinum, or about 5 to 6 microhms per cu. cm., while the plat- 
inum which we use at the present time is about 13 to 14 and the 
platinum used a few years ago had a specific resistance of 30 to 
40 microhms. 

A Member: I was very much interested in Mr. Coolidge’s 
paper and I tried in the first instance to see if the tungsten could 
be plated with copper. I was interested in his statement that 
it could be wet with copper, and I would like to inquire if he has 
ever tried to find out whether the metal could be plated with 
copper, because, if it could, it would be very easy to solder it to 
other metals. 

William J. Hammer: I would like to ask Mr. Coolidge 
whether he has observed any special changes in the characteristics 
of tungsten while it is being gradually heated. I recall that in 
Mr. Edison’s very early experiments at Menlo Park, whereas 
his platinum would only give a light of say from three to four 
candle power before it melted, by gradually putting little in- 
crements of current through the platinum the occluded gases 
were driven out and the metal was made more dense and 
became so hard that a sharp file would not mark it, and in this 
condition the platinum could be brought up to an incandescence 
of from 30 to 34 candles without melting.. Mr. Edison also 
alloyed the platinum with iridium in many of his lamps. 

Carl Hering: I would like to ask Mr. Coolidge how the 
tungsten acts when used as electrodes, and whether it will stand 
the oxidizing influence in being used as an anode in ordinary 
electrolysis. 

W. D. Coolidge: The question has been raised as to whether 
tungsten could be plated with copper. ‘That is possible and fairly 
easy, and it is possible to go ahead as suggested and solder such 
a copper-plated piece of tungsten. That method we have not 
found so satisfactory as the method we are now using with 
molten copper, the adhesion not being anywhere near so firm as 
we get from the present method. The plating goes best in a 
copper sulphate solution. Mr. Hammer raised a question about 
occluded gas. We have done a great deal of work along this line 
and have found that the greater part of the gas which is in the 
drawn wire comes off very quickly when the wire is heated in a 
vacuum. Dr. Hering raises the question of whether tungsten 
can be used as an anode for electrolysis. As a matter of fact 
tungsten is oxidized and goes into solution very readily indeed 
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under such conditions. We had hoped that it could be used in 
place of platinum. 

H. M. Hobart: In the latest edition of the A. I. E. E. Stand- 
ardization Rules, paragraph 269 relates to the application of 
temperature corrections to take into account the room tempera- 
ture on the occasion of tests and to permit of arriving at values 
corresponding to the reference room temperature of 25 deg. 
cent. The rule is based on the assumption that the observed 
temperature rise will be greater the higher the temperature of the 
surrounding air. My experience does not conform to this rule, 
but shows rather that the temperature rise will generally be less, 
the higher the temperature of the surrounding air. It is very 
important to engineers that any uncertainty in this matter should 
be cleared up and I should be pleased if Dr. Langmuir would give 
us the advantage of his experience and opinions bearing upon this 

oint. 

5 If an electrical machine is to be operated in a place where the 
surrounding temperature is likely to be high, say 40 deg. cent., 
then it is very important to be able to know in advance whether 
a certain machine, tested at, for example, 20 deg. cent., and then 
sustaining a temperature rise of 40 deg. cent., will, under the 
conditions of its practical operation in the hot location, have a 
rise of 44 deg. cent., or only, say, 38 deg. cent. At present the 
data are very conflicting, and some engineers would be of the 
opinion that the rise when the surrounding temperature is 40 
deg. cent. would amount to 44 deg. cent., thus bringing the temp- 
erature of the machine to 84 deg. cent., while the tests to which 
I allude would indicate that the rise would be somewhere between 
36 deg. and 40 deg. cent., say 38 deg. cent., thus making the actual 
temperature of the machine, when the surrounding atmosphere 
is 40 deg. cent., only some 78 deg. cent. 

Any information which Dr. Langmuir could furnish in this 
matter would be of much value. 

Irving Langmuir: In reply to Mr. Hobart’s question, I would 
like to point out that there are apparently only two factors in- 
volved in convection: first, the heat conductivity of the air, 
and second, the thickness of the film which determines the shape 
factor. In quiet air this shape factor can be calculated in the 
cases of wires and plane surfaces. However, in other cases (as 
where several wires are close together or where we have a con- 
fined space, such as might exist in the armature of a dynamo) 
this shape factor would be difficult to calculate, but in any case 
it is probably nearly independent of the temperature, and we 
may say that the heat convection would vary with the tempera- 
ture practically only because of the temperature coefficient of 
the heat conductivity of the air itself. Since the latter nearly 
doubles with the 300 deg. rise in temperature, it is apparent that 
the convection should increase with increase in temperature of 
the air in which convection takes place. 


A paper ‘presented at the 29th Annual Convention 
of the American Institute of Electrical Engi- 
neers, Boston, Mass., June 25, 1912. 


Copyright, 1912. By A.I. E.E. 


CHARACTERISTICS AND APPLICATIONS OF VIBRA- 
TION GALVANOMETERS 


BY FRANK WENNER 

In the vibration galvanometer we have a type of synchronous 
motor which is distinctly different from all the ordinary types 
of dynamo-electric machines. Further, it does not have any 
of the characteristics of any of the ordinary galvanometers, 
and except for the fact that it is used in the detection or measure- 
ment of small currents and voltages, it should not be called a 
galvanometer. In galvanometers, except when used in the 
measurement of transient currents or quantity of electricity, 
the moving system is displaced until we have an equality of 
static couples acting on it. In the vibration galvanometer the 
equilibrium condition is an equality between integral values 
of the product of the current and generated voltage and the 
mechanical power dissipated in various ways as in ordinary 
electric motors when operated without a load. It therefore 
behaves more like an electric motor than like a galvanometer. 
Further, since it is used only with alternating currents and op- 
erates in synchronism with the current it must necessarily have 
some of the characteristics of a synchronous motor. As a 
motor the efficiency of conversion was found in a particular 
case to be as high as 97% per cent, while the power required to 
maintain an easily discernible amplitude of vibration was of 
the order of 10-" watts. One Of the large turbo-generators 
would therefore furnish the power necessary to operate a thou- 
sand-million-billion such machines. 

While the vibration galvanometer will probably never be used 
in the ordinary way for driving other machines, it is of con- 
siderable interest from a theoretical standpoint and possesses 
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certain characteristics which make it a most valuable instrument 
for use in a large number of alternating-current measurements. 

A number of different forms of galvanometers have been and 
are being used. One form is very similar to an oscillograph 
except that in general the period is longer and the oil for damping 
is omitted. Another form is very similar to the D’Arsonval 
galvanometers of the marine type except that the coil is narrower 
and the suspensions tighter. In all cases provision is made for 
changing the period of the moving system. This is usually 
done by changing the length or tension of the suspensions. 
Where a large range in frequency is desired the suspensions are 
often made bifilar. 

Passing an alternating current through the coil causes it to 
vibrate back and forth past its equilibrium position, hence the 
name vibration galvanometer. The amplitude of the vibration, 
which is a measure of the current, is ordinarily determined by 
observing the broadening of a line image as seen in a small 
mirror attached to the moving system. As regularly used in 
the detection or measurement of current or voltage the natural 
or free frequency of the moving system is made to correspond 
with the frequency of the alternating current to be detected. 
As a result the amplitude of the vibration is much larger than 
it would be under almost any other condition. 

The sensitivity is large only to currents of the frequency to 
which the moving system of the galvanometer is tuned. It 
is therefore possible to use currents of almost any wave form, 
even in those null methods in which an exact balance can be 
obtained only with a current free from all higher harmonics. 
In all such measurements we may make our observations and 
calculations just as if we were using current having a sine wave 
form, since the galvanometer responds only very feebly to the 3rd, 
5th and higher harmonic components. It is this characteristic 
combined with its extremely high sensitivity at low frequencies 
which makes the vibration galvanometer a most valuable in- 
strument in various kinds of alternating-current measurements. 

Before we can make much progressin the design of an instru- 
ment or machine it is necessafy that we know definitely the re- 
lation between its various constants. In some cases this knowl- 
edge is necessary before we can even use a well designed and 
constructed instrument or machine to its best advantage. We 
shall therefore show the relation which exists between the ampli- 
tude of the vibration and the impressed voltage in terms of the 


— 
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intrinsic constants of the instrument and of the electric circuit 
in which it may be used. Since here we have a mechanical and 
an electrical oscillating system so connected that they must 
necessarily operate at the same frequency, we shall make free 
use of the analogy existing between such systems. Passing a 
current through the winding produces a mechanical torque 
tending to displace the moving system of the galvanometer 
from its equilibrium position. The torque is proportional to 
the current and we shall let G be the proportionality factor or 
the displacement constant. In addition we shall use the follow- 
ing notation, in which vectors are designated by bold-faced type, 
and make use of the following well-known relations: 


IN THE ELECTRICAL SYSTEM IN THE MECHANICAL SYSTEM 


L = inductance K = inertia constant 
r electrical resistance J) <=damping “constant ~-or 
U 


mechanical resistance 
= restoring constant anal- 
ogous to 1/C 


C.= capacity 


= impressed voltage - Gi = displacing torque 

i = current s = rate of displacement or 
angular velocity 

gq = eharge = fidt @ = displacement = f sdét 

e = fH’ Gj) "Gi =Gie* (2) 

jai (er sas = ee (4) 

q = Qe (COURS Ia a (6) 

GI 
Pe iB ey ere (8) 


peti (pol =1/C p) Di thRpa Up) 


or, if we let X represent the electrical reactance and M ‘represent 
the mechanical reactance, 

E’ GI 
—— Diet tite Soa (10) 
r-ix (9) 

E’ GI 

= 11) @=— : 

@ ip(r+i1X) 2) tp(D+71M) 


Here E’ is the total voltage available for producing current 
or the sum of the impressed voltage E’ and generated voltage 


E;. 


—— 


(12) 
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The voltage generated by the relative motion of the magnet 
and winding is proportional to the amplitude and in quadrature 
with the vibration. It is also proportional”to the frequency 
and proportional to the displacement constant, and it is easily 
shown that 


E,=—1tpG® (13) 
therefore 
E-ipG® 
dS izpet Oe (14) 
This value of J substituted in equation (12) gives 
GE 
ne bp ((—r M—D X) +1(Dr- MX + G’)] (15) 
or 
b= GE ; 
bp V(-rM-DX) + (Dr-M X+ G?)? (16) 
or 
GE é& (te) 
; bp V(-r M-DX)?4+ (Dr-MX 4+ G@) (17) 
where 


(Dr-M X + G) 
Mr+DxX (18) 


tan a = 


Equation (16) gives the relation between the amplitude of the 
vibration, the impressed voltage, the displacement constant, 
the frequency, and the other constants of the electric and me- 
chanical systems expressed as resistances and reactances. 
Where the instrument is to be used in precise measurements 
we usually desire as high a sensitivity as can conveniently be 
obtained, 7.e. we wish as large an amplitude of the vibrations 
for a given small impressed voltage as we can conveniently get. 
An inspection of equation (16) does not at once suggest the 
relations which should be made to exist between the various 
quantities D, r, M, X, and G to give the best sensitivity. Since 
power is absorbed or converted into heat proportional both to 
D and to r, the most natural beginning is to make both small. 
The mechanical resistance or damping constant D is a definite 
constant of the galvanometer, and as we shall see later, one of the 
most important points to be looked to, both in the design and 
the construction, is to make this constant as small as possible. 
The electrical resistance r is the total resistance of the circuit 
in which the galvanometer is used. As the resistance of a part 


— 
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of this circuit is usually fixed from other considerations, the 
particular value of the resistance of the galvanometer is of little 
importance, provided it is less than say } the total resistance 
of the circuit. 

As vibration galvanometers are usually constructed, provision 
is made for varying the free period of the moving system so 
that the mechanical reactance can be adjusted to zero for any 
frequency in the range over which it is expected that the gal- 
vanometer will be used. The electrical reactance is usually 
very small in comparison with the electrical resistance. It can, 
however, be varied by placing capacity or inductance in series 
with the winding of the galvanometer. 

If the galvanometer is so constructed that the displacement 
constant G can be varied (and all instruments intended for use 
in circuits of different resistances should, if a high sensitivity 
is desired, be so constructed), we can then adjust each or all of 
the remaining quantities, the electrical reactance X, the me- 
chanical reactance M, and the displacement constant G. If 
M is adjusted to zero and if X is small or adjusted to zero it will. 
be seen that the sensitivity is a maximum when 


G? = Dr 
Under these conditions we have 


© E 
— 2pVDr 2) 


or, since we observe the total amplitude of the vibration and 
measure the root-mean-square value of the voltage, 


E 
DED (20) 
as has been shown by the author.} 

Under these conditions the generated voltage is half as large 
as and in direct opposition to the impressed voltage. This we 
know to be the condition under which the mechanical power 
developed is a maximum. This, then, is a condition which gives 
the maximum sensitivity with the particular values of r and D. 

Since to get the maximum sensitivity it is only necessary to 
make such adjustments as will bring the generated voltage in 
direct opposition to and make it half as large as the impressed 
voltage, it should be possible to bring about this condition by 
USS Et SSB a RIE I oO a TN 


® 


1. Bulletin, Bureau of Standards, Vol. VI, p. 376; reprint 134; 1909. 
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changing any two of the three constants X, M,and G. If these 
constants are changed one after the other in small steps or con- 
tinuously it can be shown by differentiation that the sensitivity 
becomes a maximum for changes 


GM 

of X, when X! =e (21) 
G? X 

of M, when M = atte (a2) 


and of G, when G = V(r + X®) (D? + M?) (23) 


Since the last of these equations is the product of the other two, 
it follows that if any two of the constants are adjusted so that 
they simultaneously have their best value, the third constant 
also has its best value, or the sensitivity is the maximum attain- 
able. When this adjustment, which is a double one, and in 
some cases will have to be made by successive approximations, 
is carried out, we have 


~ | >< 


M 
D (24) 


or the electrical time constant equal to the mechanical time 
constant, 


,G@ 


and p+ x 


= D (25) 


or the electromagnetic damping equal to the mechanical damping. 
A substitution first of the value of G as given by equation 

(25) and then of the value of X as given by equation (24), in 

equation (16), shows that, even with an inductive circuit, 


alte si me 
2p V Dr (26) 


as given above, and as has been shown recently by Butterworth.? 
2. Proceedings Phys. Soc., London, Vol. XXIV, p:: 77; 1912: 


_— e 


C—O 
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If we express the amplitude of the vibration in terms of the 
broadening of the line image one meter from a mirror attached 
to the moving system, the voltage in microvolts, the resistance 
in ohms and the mechanical constants in c.g.s. units, then 


’ 


_ 20E 7 
f VDr (27) 


when f is the frequency, or if v is the sensitivity the ratio of the 
number representing the amplitude of the vibration to the num- 
ber representing the voltage 


E08. br 
if VDr (28) 


Since usually it is not practical to place a variable inductance 
in series with the galvanometer and by adjusting it and the 
‘mechanical reactance to bring about the best condition, and 
since few of the galvanometers now in use are provided with 
a means for adjusting G, we are often obliged to be content with 
the best condition we can obtain by the adjustment of the free — 
frequency only. If this adjustment is made and the elec- 
trical reactance is small in comparison with the electrical resist- 
ance, then equation (16) takes the form 

ee Ly, 
~ p (Dr + G?) (29) 
and these are the relations under the more usual conditions of 
use. 

To the person who is considering using a vibration galva- 
nometer the question as to what sensitivity can readily be ob- 
tained is of much more importance than the effect of various 
constants upon the sensitivity. In this connection we may state 
that three years ago the author determined the constants of 
three vibration galvanometers and found the voltage sensitivity 
in millimeters per microvolt at 100 cycles as follows: 


0.0014, 0.0061 and 0.0075. 


Recently Mr. Silsbee of the Bureau of Standards made, ac- 
cording to the suggestions of the author, a new coil for one of 
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the older galvanometers of the D’Arsonval type, in fact one 
of the three just mentioned. With the new coil the voltage 
sensitivity at 25 cycles is 0.47. The instrument was designed 
for use in a bridge having a resistance of about one ohm. It 
has since been found that it will be necessary to increase the 
resistance in the bridge arrangement so that the total resistance 
of the galvanometer circuit will be about four ohms. Under 
these conditions the sensitivity will be 0.28, while if the magnet 
is strengthened just a little so as to give the best conditions the 
sensitivity will be 0.40. With the new coil the galvanometer 
differs in so many ways from the others that the relative merits 
cannot be represented by figures giving the ratio of the voltage 
sensitivities which range from 60 to 300. It cannot be used 
at a frequency of 100, neither can the others be used at a fre- 
quency of 25. It was designed to operate at the lower frequency 
and to be used in connection with a low-resistance bridge. When 
so used its sensitivity is about the same as that of a good direct- 
current D’Arsonval galvanometer designed for and used in 
connection with a bridge of the same resistance. 

We have gone rather fully into the matter of the sensitivity 
and the adjustments necessary to get the maximum sensitivity 
attainable with any particular galvanometer when used in any 
particular circuit. We have done this because the matter is 
one of considerable importance to many of those working with 
such instruments and a matter which seems not to be very well 
understood. 

A further consideration of equation (16) will bring out other 
characteristics of the vibration galvanometer. In cases where 
the electrical reactance is small in comparison with the resistance 
so that it need not be considered, we have 


ne re ees 
p VP M+ (Dr + G)? a 


or since M = p K — U/p and U = pK, where py is the free 
frequency of the moving system, 


pi Col es pol) U0 pete ae ree 
VEC TPOTaR 
If po = p 


bo (Dr + G*) pb (Dr + G?) (29) 
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If pois very different from p, K (po? ~ p®) is large in com- 
parison with p (Dr + G’), so we may write 


= GE sts <i (an G 
ir K(p?— py" ~ £7 K (pe —p%) — (80) 


or we have 


Vo 


: 2a Kr 
Po = (fo — fP/fo) 


Dr+@ 


If the galvanometer has an inertia constant of 0.02, a damping 
constant of 0.01 and a displacement constant of 10,000 (none of 
which are exceptional values), then 


OTIS : 
a = 6.3, if r = 100 ohms (10" c.g.s. units) 
or 


12.6, if r is large. 


Then if the fundamental frequency of the voltage is 60 and 
the instrument is tuned to this frequency a substitution of 60 
for fo and of 180 and 300 for f gives the ratio of the sensitivity 
of the instrument to the fundamental as compared with its 
sensitivity to the 3rd and 5th harmonic, as follows: 


With 100 ohms With high resistance 
S1/S3 = 3000 or = 6000 
S1/Ss5 = 9000 or = 18,000 


If the instrument is tuned to the 3rd or 5th harmonic a sub- 
stitution of 180 and 300 for fo and 60 for f gives the ratio of 
the sensitivity to the harmonics as compared with its sensitivity 
to the fundamental, as follows: 


With 100 ohms With high resistance 
S3/Si = 1000 or = 2000 
S5/S1 = 1650 or = 3300 


It will thus be seen that the galvanometer when tuned to 
the fundamental is (if the resistance of the circuit is 100 ohms or 
more) at least 3000 times as sensitive to the fundamental as to 
any of the harmonics. If, then, the voltage used in testing has 
a third and higher harmonics amounting to not more than 3 
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per cent, the accuracy to which a balance may be established 
cannot be limited by the presence of unbalanced harmonic com- 
ponents of the voltage, unless the accuracy sought is better than 
1 in 100,000. It is this characteristic of not responding to the 
harmonic components of the current passing through it, together 
with its high sensitivity to the fundamental component both 
of the voltage and current, which has led to the use of the 
vibration galvanometer in various alternating-current measure- 
ments. ; 

It will also be seen that where a galvanometer having the 
constants just considered is tuned to a frequency of three or 
five times the fundamental, and the resistance is high, the instru- 
ment is 2000 or more times as sensitive to the harmonics as to 
the fundamental. The instrument can therefore be used to 
read the harmonic components of the voltage directly from the 
amplitude of the vibration and it should be possible, if the har- 
monics are small, to obtain their values to better than 0.1 per 
cent of the fundamental. In this method of determining the 
higher harmonic components of the electromotive force use is 
made of the mechanical resonating system of the galvanometer 
instead of an electrical resonating system. 

If the frequency of the impressed voltage is varied from below 
that for which the amplitude of the vibration is a maximum to 
above this value the angle between the generated and impressed 
voltage changes by nearly m radians or 180 deg. The change 
in angle with frequency is largest at the frequency which gives 
the maximum amplitude. In some cases we have a noticeable 
change in the phase angle when the frequency changes by only 
a few hundredths per cent. Considerably below the particular 
frequency the current lags behind the impressed voltage by 
a large angle, and considerably above this frequency it leads 
by a large angle. 

If then the stator windings of a very small two-phase induction 
motor were connected to the same voltage supply, one through | 
a resistance and the other through a large vibration galvanometer, 
we would have, in general, an elliptical rotating field at the stator 
and the direction of rotation would depend upon whether the 
frequency of the impressed voltage were above or below that 
for which the amplitude of the vibration of the galvanometer 
would bea maximum. It is not at all improbable that such an 
arrangement might be used to accomplish some particular end 
in connection with the generation or transmission of electrical 
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power, such for example as the indication or regulation of the 
frequency. 

A definite expression for the phase angle between the impressed 
voltage and the current may be obtained by eliminating @ 
from equations (12) and (14). This gives 


y . EI@D +17 (M? + D*) —i(X (M? + D) ~ MG) 


I@ +rD—- MXP + [X (2 + D) — M GP (31) 


or 


. _ E ViG?D+r (M?+D*)P+1X (24D) — M Gf ei t- 8) 
[PD +7rD —MXP+[X OP 4+ DY) —M GP 


(32) 
where 
xX (M? +- Ty) —MGC 


ee AME DYE DC eS) 


When adjustments have been made so that equations (24) and 
(25) are satisfied, 

ee? r+ XxX? ; 

fe ar if Cel 


and — 
b =0 (35) 


That is, under the best conditions the current is in phase with the 
impressed voltage. 

In engineering work the vibration galvanometer is being used 
but little. When its characteristics become more widely known 
and when it becomes known that it is not a delicate instrument 
various uses will no doubt be found for it. 

As a laboratory instrument we may mention that it is being 
used in the Bureau of Standards in connection with: 

The Anderson bridge for the comparison of self-inductance with 

capacity. and resistance. 
One or more bridge methods for the comparison of self with 
mutual inductance. 

Bridge method for the comparison of the capacities and phase 
angles of condensers. 

Bridge methods for comparing the resistances and time con- 
stants of wire resistance standards. 
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The Thomson bridge method in the comparison of time con- — 
stants and resistances, to alternating currents, of standards of 
low resistance. 

In the determination of the ratio of transformation and the 
phase angle between primary and secondary voltages and cur- 
rents of potential and current transformers. 

It has also been used in various other precision measure- 
ments and the indications are that it will soon be used in still 
others. 

In the National Physical Laboratory in England the vibra- 
tion galvanometer is also being much used. Of the various ap- 
plications there we may mention: 

The absolute measurement of resistances by a two-phase 
alternating-current method. 

The testing of transformer steel, usinga null method for de- 
termining the total losses. 

A modified Carey Foster method for comparing self and 
mutual inductance. 

In most laboratories, however, the vibration galvanometer 
has met with less favor than it deserves. 
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DiIscUssION ON ‘‘ CHARACTERISTICS AND APPLICATIONS OF 
VIBRATION GALVANOMETERS”’ (WENNER), Boston, Mass., 
JUNE 25, 1912. 


Jefferson E. Kershner: What is the method of reading the 
instrument? 

Frank Wenner: ‘The ordinary method of reading the instru- 
ment is to use a mirror on the moving system, and an arrange- 
ment giving a line source of light. When the instrument is stand- 
ing still the image that you get is in the form of a line. If an 
alternating current is passed through the instrument the image 
broadens. 

, Bgeh lt ee E. Kershner: Do you measure the width of the 
ine: 

Frank Wenner: The width of the line is an indication of the 
amplitude of vibration. The motion being slower at the ends, 
it seems to stand out, as two lines. Of course, you can read it 
from a pointer, but in most of the work in which the vibration 
galvanometer has been used they use a reflecting system. 

W. H. Pratt: I would ask how rapidly the sensitiveness of 
the instrument is reduced as you depart from the ideal conditions 
outlined? 

Frank Wenner: It all depends on what you want to do with 
the instrument, as the sensitiveness can be controlled in design. 
If you want to construct an instrument which will not respond to 
the harmonics, and you are going to use it at a very definite 
frequency, you can afford to reduce the range in frequency, to, 
say, one-tenth of a per cent at which it will operate. Then it 
practically does not respond at all to any of the harmonics. If, 
on the other hand, you want to use it at commercial frequencies, 
the instrument should be designed so that it has a very flat top 
sensitivity curve. The way this curve drops off has no connec- 
tion at all with the maximum height of the curve. The sensitivity 
at the resonating frequency is independent of whether you make 
this curve steep or not. 

W.H. Pratt: This last point you mentioned, about the width 
of the curve not being dependent on the maximum point, 
can that be controlled by the iron in the circuit? For instance, 
your irohin the inductive circuit of the instrument, having some 
hysteresis, would tend to broaden the range over which there was 
a resonant resistance. Does that have an appreciable effect? 

Frank Wenner: No, I think not. The matter that affects 
the sharpness of this curve depends almost entirely on the me- 
chanical constants of theinstrument. It bears a little on the elec- - 
trical constants of the circuit, but only slightly. 

R.A. Gray: Is the instrument chiefly used as a deflection in- 
strument or as a zero instrument? 

Frank Wenner: It is used almost entirely as a zero instru- 
ment. It has been used to some extent as a deflection instrument 
~ and there is no reason why it cannot be so used. The deflections 
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are as nearly proportional to the e.m.f. as they are in other deflec- 
tion instruments. 

Albert F. Ganz: By deflection, do you mean the width of the 
reflected band of light? Is that what measures the vibration? 

Frank Wenner: Yes, that reflection can be brought back on 
the transparent scale and read in divisions. : 

George F. Sever: Up to what specific point can that band be 
used in connection with the sensitiveness of the reading and the 
accuracy of the reading of the instrument? 

Frank Wenner: I have used it up to a few centimeters, but 
then only in determining some of the constants of the instru- 
ment, and was not, at that time, concerned with it as a deflection 
instrument. Ordinarily, the deflection is very small when it is 
used in the usual way. 

N. Monroe Hopkins: Is the band quite distinct on the right 
and left edge respectively? 

Frank Wenner: Itis very distinct. When the band spreads 
out to considerable width it has this effect: it is very sharp on the 
extreme edges, and corresponding to the width of the filament of 
the lamp, or other source of illumination, it is comparatively 
bright, and from that it gradually shades off until you have 
nothing in the center. 

John D. Ball: If the deflection is only a few centimeters is 
there not a correction for the width of the beam—the beam in 
zero position? 

Frank Wenner: ‘The source of the light that we ordinarily 
use is a filament from a lamp and focus it as sharply as possible. 
When you come to a very small deflection you might not be able 
to read it very definitely, and it would be necessary to read it 
not from the extreme edge, but from what corresponds to the 
center of the filament on each side of the image. 

M. G. Lloyd: When you have the frequency adjusted to 
correspond with the natural frequency of the instrument, what 
relation is there between the deflection and current? 

Frank Wenner: It is directly proportional either to the cur- 
rent or the voltage. 
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